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ABSTRACT 
 
 Fusarium virguliforme, the causal agent of sudden death syndrome (SDS), is one of the 
most important soybean pathogens in the United States and Canada. Cultivar selection, seed 
treatments and some cultural practices are currently the main management practices for this 
disease. Fusarium virguliforme is a soilborne pathogen that infects soybean roots early in 
development (root rot phase), but also leads to the characteristic foliar symptoms (foliar phase) 
later in the season. Recently, the product fluopyram (ILeVO®, Bayer CropScience) was 
registered for management of SDS. The research described in this manuscript explains how 
fluopyram, in combination with cultivar selection, affects the two phases of SDS under field 
conditions. Two different greenhouse techniques were also evaluated for their ability to quickly 
and accurately screen seed treatments for efficacy against SDS. 
 All field experiments evaluated two seed treatments: (1) base seed treatment (control), 
which was prothioconazole + penflufen + metalaxyl (0.019 mg a.i/seed) + metalaxyl (0.02 mg 
a.i/seed) + clothianidin + Bacillus firmus I-1582 (0.13 mg a.i/seed) and (2) base treatment + 
fluopyram (0.15 mg a.i/seed). For the Roland, IA and Muscatine, IA locations in 2015, a third 
seed treatment was included; (3) base treatment + fluopyram (0.075 mg a.i./seed). All three seed 
treatments were included in all of the 2016 locations. Three soybean cultivars, categorized as 
susceptible, moderately resistant or resistant, were planted at each location. Fluopyram 
significantly reduced root rot at 7 of the 10 locations and foliar symptoms at 5 of the 9 locations 
where foliar symptoms occurred. Yield was significantly increased by fluopyram at 5 of the 10 
locations. Our findings suggest that yields could be reduced by the root rot phase and should be 
managed in addition to the foliar phase of SDS. 
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Two greenhouse techniques: (1) soil-incorporated technique and (2) layer technique used 
the aforementioned seed treatments in the greenhouse. Neither technique consistently 
differentiated between treatments for foliar symptoms. However, both experiments showed 
approximately 20% reductions in root rot severity between the base seed treatment and both rates 
of fluopyram. Further work is needed to identify a controlled experiment in the greenhouse for 
evaluating seed treatments for both phases of SDS.  
 Our findings suggest that at locations with known SDS history in years with favorable 
weather for the F. virguliforme pathogen, both phases of SDS can cause significant yield loss.  
The use of fluopyram as a seed treatment, along with resistant cultivars can protect soybean 
yields from both phases of SDS. However, more work is needed to identify an integrated 
management plan for both the root rot and foliar phases of SDS. 
v 
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CHAPTER 1. REVIEW OF LITERATURE  
Thesis Organization 
 This thesis is divided into four chapters. The first chapter includes the literature review of 
soybean production, significant soybean diseases, history of sudden death syndrome, biology and 
disease cycle, host range, other soybean root rot pathogens, sudden death syndrome lookalikes, 
and management practices. The second chapter is an evaluation of seed treatments and cultivars 
on both phases of sudden death syndrome. The third chapter is an evaluation of greenhouse 
screens for testing soybean seed treatments against sudden death syndrome, and the fourth 
chapter provides a summary and general conclusions of the thesis. 
 
Soybean production 
 Soybean (Glycine max (L.) Merr.) is one of the most valuable crops in the United States. 
In 2015, soybean was planted on 33.4 million hectares, which yielded 106.9 million metric tons 
(MMT) of soybeans in the United States. This equates to $34.5 billion dollars in revenue for the 
United States. Iowa ranked first among states in both hectares planted (4.0 million hectares) and 
production (15.1 MMT), and is valued at over $5.3 billion (USDA-NASS, 2016).  
 According to the USDA Foreign Agricultural Service (Office of Global Analysis 2016), 
during the 2014/2015 growing season, the United States produced the most soybeans in the 
world with a total production of 319.8 MMT. Brazil (97.2 MMT) was second, followed by 
Argentina (61.4 MMT), China (12.15 MMT), India (8.71 MMT), Paraguay (8.15 MMT), and 
Canada (6.05 MMT). These top seven countries account for 94.0% of the world’s soybean 
production.  
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Significant soybean diseases 
 Soybean production in the United States is severely constrained by several diseases. Due 
to several factors, disease prevalence and severity change from year to year. From 2006 to 2009, 
soybean cyst nematode (SCN) (Heterodera glycines Ichinohe) caused more yield loss than any 
other soybean disease (Koenning and Wrather, 2010). Seedling diseases, Phytophthora root and 
stem rot [Phytopthora sojae (Kaufman and Gerdemann)], sudden death syndrome (SDS) 
[Fusarium virguliforme (O’Donnell and Aoki)], and Sclerotinia stem rot [Sclerotinia 
sclerotiorum (Lib.) deBary] round out the top five yield-limiting soybean diseases from those 
years (Koenning and Wrather, 2010). SCN was still the most damaging disease between 2010 
and 2014; however, the order of the next four diseases shifted (Allen et al. 2017). SDS was 
second, followed by seedling diseases, Sclerotinia stem rot, and Phytophthora root and stem rot. 
Weather was favorable for SDS in 2000, 2010, and 2014 (Vick et al. 2003; Leandro et al. 2013; 
Yang et al. 2016), making SDS the second most important soybean disease during recent years. 
  
History of sudden death syndrome 
 Sudden death syndrome was first discovered in the United States in Arkansas in 1971 
(Hirrel 1983), since then it has spread to many soybean-growing states. SDS was identified in 
Mississippi, Missouri, Kentucky, and Tennessee in 1984, and by 1986 in Illinois and Indiana 
(Rupe et al. 1989). SDS was also found in Iowa (Yang and Rizvi 1994), Kansas (Jardine and 
Rupe 1993), Michigan (Chilvers and Brown-Rylewski 2010), Minnesota (Kurle et al. 2003), 
Nebraska (Ziems et al. 2006), South Dakota (Tande et al. 2014), Wisconsin (Bernstein et al. 
2007), and Ontario, Canada (Anderson and Tenuta 1998).  
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Sudden death syndrome was first identified in Iowa in 1993 (Yang and Rizvi 1994). By 
1995, SDS was reported in 13 different Iowa counties (Yang and Lundeen 1997), and by 2010 
SDS had been found in nearly every county in Iowa (Leandro et al. 2013). Yield losses in the 
Midwest have remained dependent on the weather patterns each year. Years with adequate 
rainfall during the reproductive soybean stages saw greater levels of foliar SDS symptoms than 
years with less rainfall (Leandro et al. 2013; Roy et al. 1997).  
 Sudden death syndrome has also been reported in South American countries: Argentina 
(Ploper 1993), Bolivia (Yorinori 2002), Brazil (Nakajima et al. 1996), Paraguay (Yorinori 1999), 
and Uruguay (Ploper et al. 2003). More recently, F. virguliforme has been reported in Malaysia 
(Chehri et al. 2014) and South Africa (Tewoldemedhin et al. 2013).  
 
Biology and disease cycle 
 SDS is caused by four soilborne Fusarium species: F. brasiliense, F. crassistipitatum, F. 
tucumaniae, and F. virguliforme (Aoki et al. 2005). All four species are reported in South 
America. In the United States and Canada, SDS is caused by F. virguliforme (Aoki et al. 2003) 
formerly known as F. solani (Mart.) Sacc. f. sp. glycines (Roy 1997). Fusarium virguliforme is 
an ascomycete (Abeysekara and Bhattacharyya 2014), a monocyclic soilborne fungus that 
survives as conidia, macroconidia, or chlamydospores in the soil (Aoki et al. 2003). It is 
distinguished from other Fusarium species because of its production of comma-shaped conidia 
on potato dextrose agar (PDA) (Aoki et al. 2003). The pathogen infects both the soybean lateral 
roots and taproots (Ortiz-Ribbing and Eastburn 2004) but does not move up the plant. Fusarium 
virguliforme prefers cool, wet conditions around 15°C for root symptoms to occur (Scherm and 
Yang 1996). Telltale signs of the F. virguliforme pathogen include blue-pigmented sporulation 
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on the roots of some plants (Scherm and Yang 1996). Infection of the roots causes root lesions, 
which are observed as brown discoloration. The discoloration continues up through the taproot 
but does not go higher than the lower stem, while the pith remains white (Hartman et al. 2015). 
The xylem needed to be colonized for foliar SDS symptoms to occur; if just the phloem tissue 
was colonized no foliar symptoms occur (Yang and Navi 2003). It was further concluded that 
penetration through the cortex into the xylem tissue was essential for the foliar symptoms to 
develop (Navi and Yang 2008).  
Even though the pathogen infects and remains in the roots, SDS is usually identified by 
its foliar symptoms. SDS prefers wet environments during the early reproductive stages (Leandro 
et al. 2013) for the foliar symptoms to occur. Foliar symptoms are typically first observed around 
the R2 stage (Roy et al. 1997) and are most prominent between the R3 and R6 growth stages as 
described by Fehr and Caviness (1971). Foliar symptoms include interveinal chlorosis and 
necrosis and can advance to premature defoliation, leaving the petioles attached (Roy et al. 1997; 
Kandel et al. 2015). Infection timing has a significant effect on foliar symptom progression. 
Roots infected as early as 4 days after planting (DAP) showed no foliar symptoms. Only soybean 
plants inoculated at planting developed foliar symptoms, yet all plants showed root rot regardless 
of inoculation timing (Gongora-Canul and Leandro 2011). These findings link back to results 
from Navi and Yang (2008) which suggest that early infection was needed for F. virguliforme to 
penetrate the endodermis and enter the xylem. The plants inoculated at later DAP had time for 
mechanisms in their vascular systems to restrict xylem colonization, ultimately leading to less 
toxin in the leaves (Gongora-Canul and Leandro 2011).  
Fusarium virguliforme does not move up the soybean plant but instead produces a toxin 
that causes foliar symptoms. Brar et al. (2011) found that the toxin FvTox1 purified from culture 
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filtrates caused SDS-like symptoms on soybeans. Brar et al. (2011) hypothesized that the F. 
virguliforme pathogen targets foliar tissue to reduce the roots nutrient supply, which reduces 
soybean roots natural resistance mechanisms and allows the pathogen to overcome the 
compromised defenses. The phytotoxic effector FvNIS1, is believed to be another phytotoxin 
responsible for the characteristic SDS foliar symptoms (Chang et al 2015).  
 
Host range 
Fusarium virguliforme can colonize several other important crops, prairie plants, and 
weeds, making it even harder to manage. Kolander et al. (2012) evaluated 15 species and tested 
their potential as effective hosts for F. virguliforme. They found that along with soybeans, alfalfa 
(Medicago sativa L.), pinto bean, and navy bean (Phaseolus vulgaris L.), white clover (Trifolium 
repens L.), red clover (Trifolium pretense L.), pea (Pisum sativum L.), and Canadian milk vetch 
(Astragalus Canadensis L.) were all symptomatic hosts for the pathogen. Corn (Zea mays L.), 
wheat (Triticum aestivum L.), ryegrass (Lolium perenne L.), pigweed (Amaranthus retroflexus 
L.), and common lambsquarters (Chenopodium album L.) were all found to be asymptomatic 
hosts. Another important note from the Kolander et al. (2012) study is that several weed species 
were included as hosts, stressing the importance of controlling weed populations Kobayashi-
Leonel (2016) found that both hairy-vetch and crimson clover were effective hosts for F. 
virguliforme. 
 
Other soybean root rot pathogens  
 More than 19 different Fusarium species have been isolated from soybean roots. 
Different Fusarium species thrive at different temperatures (Saremi et al. 1998) and on different 
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host ranges (Schulze-Lefert and Panstruga 2011). Díaz Arias et al. (2013a) carried out an 
experiment that tested nine different Fusarium species for aggressiveness, and the impact of root 
infection on soybean yield. They found that F. graminearum (Schwabe) was the most aggressive 
Fusarium species, followed by F. proliferatum (Matsushima) Nirenberg and F. virguliforme. 
They further found that both F. graminearum and F. virguliforme reduced the number of 
smaller-diameter roots. In a different study, Díaz Aries et al. (2013b) tested the frequency of 
different Fusarium species in Iowa. Fifteen different species were found, with F. oxysporum 
(Schlecht), F. acuminatum (Ellis and Everhart), and F. solani (Mart.) Sacc. being the most 
frequent. Root rot of soybean due to F. graminearum was first reported during the 2001/2002 
growing season (Pioli et al. 2004), while F. proliferatum was first reported on soybeans between 
2007 and 2009 (Díaz Arias et al. 2011). Both of these pathogens relied on corn as their host 
before they were found to infect soybean, and thus a corn-soybean rotation is not effective at 
reducing the two pathogens’ populations between growing seasons (Broders et al. 2007b, Díaz 
Arias et al. 2013).  
Other fungi, such as Rhizoctonia solani Kuhn, can cause root rot. R. solani infects early 
season and can cause damping off along with root rot (Dorrance et al. 2003). It can infect 
soybeans at a wide range of temperatures and moisture ranges and has a broad host range 
(Dorrance et al. 2003). A characteristic symptom of Rhizoctonia root rot is the sunken, red lesion 
on the hypocotyl, which can distinguish it from root rot caused by Fusarium species, including 
F. virguliforme (Dorrance et al. 2003). 
Other pathogens that cause root rot of soybean are oomycetes, including several species 
of Pythium that infect in wet soils (Thomson et al. 1971). Pythium species also causes damping 
off and seedling blight (Broders et al. 2007a). Different Pythium species prefer different soil 
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temperatures with northern species preferring cooler temperatures and southern species 
preferring warmer temperatures (Mueller et al. 2016). Another oomycete pathogen is 
Phytophthora sojae, which has the ability to infect the soybean plant at any life stage as long as 
there are favorable, wet conditions. Early infections cause damping off, while later infections can 
cause both root and stem rot (Tyler 2007). Phytophthora sojae colonizes the vascular tissue 
along with the cortex allowing rapid spreading of the disease (Tyler 2007).  
 
SDS look-alikes 
The foliar symptoms caused by SDS can be confused with several other diseases and 
disorders. Brown stem rot (BSR), caused by Phialophora gregata (Allington D. W. 
Chamberlain) W. Gams) causes similar foliar symptoms, but when the stem is split lengthwise 
the pith has a brown discoloration (Allington and Chamberlain 1948). The brown discoloration 
of the pith is the best way to tell the difference between BSR and SDS in the field because SDS-
infected plants will have a white pith. Other soybean diseases that may be confused with SDS are 
charcoal rot (Macrophomina phaseolina (Tassi) Goid), stem canker (Diaporthe 
phaseolorum (Cooke, & Ellis) Sacc. var. caulivora Athow & Caldwell), SCN, and white mold 
(Sclerotinia sclerotiorum (Lib.) de Bary). Certain abiotic damage can also look like SDS, such as 
triazole phytotoxicity (Mueller et al. 2016). 
 
Management of sudden death syndrome 
 As was previously stated, F. virguliforme is a soilborne pathogen and remains in the roots 
of the soybean plant, which eliminates management options targeting foliar pathogens. For 
example, foliar fungicides do not affect SDS (Kandel et al. 2016a; Kandel et al. 2016b). Because 
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of this, resistant cultivars, seed treatments, SCN management, and cultural practices are potential 
SDS management options (Table 1). 
 Several studies have looked at different aspects of the root rot phase. Rupe (1989) studied 
where blue isolates of F. virguliforme occurred on the plant by comparing the lower stem, lateral 
roots, epidermis of the taproot, and taproot cortex. It was found that the highest frequency of 
isolation was from the epidermis, then the lateral roots, followed by the taproot cortex, and lastly 
the lower stem. Different soil factors also affect SDS severity. Rupe et al. (1993) found that 
nutrient availability was positively correlated to SDS severity. A greenhouse study was 
performed (Cho et al. 2001) comparing root rot, along with root and plant dry weights of plants 
inoculated with one of five different pathogens. Findings showed that F. virguliforme caused 
both the most root rot and had the lowest root dry weight. Relatively few SDS studies have 
investigated the root rot phase of the disease and none have done large-scale field trials. 
Cultivar selection. There are no known soybean cultivars that are completely resistant to 
SDS (Mueller et al. 2003; Njiti et al. 1997). Twelve different cultivars were screened and rated 
their level of resistance dependent on reduced infection frequency, length of latent period, and 
number of spores produced. Varying levels of partial resistance were found but none were 
completely resistant the SDS pathogen. They concluded that effective breeding practices should 
be based on a combination of root and foliar symptoms, not just foliar symptoms that breeders 
normally select for resistance (Njiti et al. 1997). Luo et al. (1999) built upon that by discovering 
the root colonization rate of resistant cultivars was less than susceptible cultivars. They 
hypothesized slow root colonization is related to foliar resistance, emphasizing the importance of 
root resistance. Of the 2,335 soybean entries that were screened, Mueller et al. (2003) determined 
that there was no cultivar completely resistant to SDS. Mueller et al. (2002) screened several 
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cultivars using aeroponic chambers and different grafting combinations to evaluate foliar and 
root symptoms along with assessing which portion of the plant, the scion or the rootstock, 
conferred resistance. They found that resistance was predominately associated with the scion 
(i.e., foliar phase). They hypothesized that if root resistance was present, resistance to foliar 
symptoms would not develop since the plant would not be infected in the first place. This 
hypothesis once again strengthens the case for increased root screening when evaluating disease 
resistance, but acknowledges that large scale screening of roots is neither quick nor easy 
(Mueller et al. 2002). With no truly resistant cultivar, other management practices should be 
used. 
Seed treatments. Because F. virguliforme is a soilborne pathogen that infects soon after 
planting, seed treatments could be a viable management option. Seed treatments have been 
around since the 1700s, where wheat seed that had been brined was clean from smut (Tull 1733), 
and have since found more conventional methods of use. Weems et al. (2015) screened nine 
different commercial fungicide seed treatments but none worked against F. virguliforme. 
However, they did not screen fluopyram (ILeVO; Bayer CropScience, Research Triangle Park, 
NC), which was registered as a seed treatment for management against SDS in December 2014. 
Fluopyram is a succinate dehydrogenase inhibitor (SDHI) belonging to the Fungicide Resistance 
Action Committee (FRAC) Code 7. This group of fungicides works by inhibiting the complex II 
in the mitochondrial respiratory chain causing the blockage of the cell energy cycle (Veloukas 
and Karaoglanidis 2012). Fluopyram is a broad-spectrum fungicide (Avenot and Michailides 
2010) and has been used against powdery mildew (Podosphaera clandestina (Wallr.) Lev.) and 
cherry leaf spot (Blumeriella jaapii(Rehm) Arx) on cherry (Proffer et al. 2013), Alternaria late 
blight (Alternaria alternata (Fr.) Keissl.) of pistachio (Avenot et al. 2012), along with 
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Corynespora leaf spot (Corynespora cassiicola (Burk. & Curt.) Wei) and powdery mildew on 
cucumber (Podosphaera xanthii (Castaggne) Braun & Shishkoff) (Ishii et al. 2011). Kandel et al. 
(2016b) evaluated fluopyram as both a seed treatment and in-furrow treatment. They found that 
both treatment types reduced the foliar disease index (FDX) compared to other treatments. FDX 
is calculated from incidence and a 0 to 9 severity scale, with zero being no foliar symptoms and 
nine being premature plant death (Gibson et al. 1994). Kandel et al. (2016b) evaluated root rot at 
the V2 to V3 stage (Fehr et al. 1971) and only at one location fluopyram significantly reduced 
root rot. In another paper from Kandel et al. (2016a) fluopyram seed treatment significantly 
reduced root rot at the V2/V3 stage at 2 of 5 locations. They found that yield response to 
fluopyram seed treatment was greater with more foliar symptoms present. Fluopyram was also 
found to have yield benefits even in the absence of foliar symptoms. 
SCN management. Interactions between SDS and SCN have been widely studied. Rupe 
et al. (1997) found positive correlations between SDS and SCN but pointed out that SCN’s role 
in SDS was unclear. One study (Brzostowski et al. 2014) found that soybean cultivars with SCN 
resistance had reduced foliar SDS severity, while others (Westphal et al. 2014; Kandel et al. 
2017a) found that SCN infection increased the amount of foliar symptoms present. There is no 
published research outlining the effect of SCN management on root rot caused by F. 
virguliforme.  
Cultural practices. Possible cultural practices used to combat SDS include irrigation 
practices, crop rotation, crop residue management, tillage practices and adjusting planting date. 
Studies have shown that irrigation increases foliar symptoms of SDS (Melgar et al. 1994; de 
Farias Neto et al. 2006). It has also been found that high soil moisture increased the frequency of 
macroconidia in the soil (Melgar et al. 1994).  
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The corn-soybean rotation most commonly used in Iowa is not an effective practice for 
SDS management (Kolander et al. 2012; Rupe et al. 1997). Kolander et al. (2012) concluded that 
the corn-soybean rotation does not reduce SDS and having wheat in the rotation does not either. 
Navi and Yang (2016) also found that corn is an asymptomatic host and even show evidence that 
corn increases F. virguliforme populations in the soil. A corn-soybean rotation did not 
significantly reduce the amount of root rot caused by the SDS pathogen compared to a soybean 
monoculture (Xing and Westphal 2009). Abdelsamad et al. (2012) found that a 2-year corn-
soybean rotation had both greater incidence and severity of foliar symptoms than a 3-year corn-
soybean-oat/red clover, and a 4-year corn-soybean-oat/alfalfa-alfalfa rotation. Other rotations are 
available (Kolander et al. 2012) as long as non-hosts are used. Planting non-hosts can reduce the 
amount of F. virguliforme inoculum present in the soil. There have been no reports of crop 
rotation affecting root rot caused by F. virguliforme under field conditions. However, as 
mentioned previously, inoculation of F. virguliforme can cause root rot of several hosts that 
would be considered rotational crops to soybean, such as alfalfa, pinto and navy bean, red and 
white clover, pea, and Canadian milk vetch (Kolander et al. 2012). Also, crop rotation has been 
reported to reduce root rot of green bean caused by Fusarium solani f. sp. phaseoli (Rupe et al. 
1997).  
Crop residue on the soil surface may favor Fusarium spp. survival as an important source 
of inoculum for root rot (Diaz Arias et al. 2013a; Navi and Yang 2016). One study showed that 
removal of corn residue reduced the inoculum present the following year but did not look at the 
root rot phase of SDS (Navi and Yang 2016). 
Tillage practices have shown mixed results depending on the soil type. Some studies 
found that subsoiling drastically reduced foliar SDS symptoms (Vick et al. 2003; Wrather et al. 
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1995), while other experiments have found tillage is not an effective management practice 
against either root rot or foliar SDS symptoms (Kandel et al. 2017b). Neither Wrather et al. 
(1995) nor Vick et al. (2003) investigated root rot.  
Planting later to avoid the cold, wet soils that F. virguliforme prefers is one management 
practice that has been studied in recent years (Kandel et al. 2016a; Marburger et al. 2016). 
Kandel et al (2016a) found that earlier plantings had more root rot than later plantings and 
hypothesized that this was due to earlier plantings having cooler soils. However, while delaying 
planting may reduce SDS foliar symptoms, it can also reduce yields (Kandel et al. 2016a, 
Marburger et al. 2016).  
Most management practices focus on controlling foliar SDS symptoms. Because of this, 
the main objective of this study is to evaluate the influence of seed treatment and soybean 
cultivar on the root rot phase of SDS under an extensive range of field conditions along with the 
role of root rot in yield loss. 
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Table 
 
 
Table 1. Management practices and their effects against the two phases of sudden death 
syndrome – root rot and foliar symptoms. 
Management 
practice 
 Root rot   Foliar symptoms (FDX) 
Host plant 
resistance 
 Resistant cultivars had less colony 
forming units than susceptible 
cultivars (Luo et al. 1994) 
Cultivar resistance did not affect 
root colonization (Weems et al. 
2015) 
 Moderately resistant cultivars 
available but no completely resistant 
cultivar available (Roy et al. 1997; 
Mueller et al. 2003; Weems et al. 
2015)  
Resistance was conferred mostly by 
scion (resistance to toxin) in 
grafting study (Mueller et al. 2002) 
Seed treatment  No consistent effects of seed 
treatment observed (Weems et al. 
2015)  
Fluopyram-treated plots had less 
root rot (Kandel et al. 2016a) 
 No consistent effects of seed 
treatment observed (Weems et al. 
2015)  
Fluopyram seed treatment reduced 
FDX (Kandel et al. 2016a; Kandel 
et al. 2016b) 
SCN 
management 
 
 None known  SCN presence increases the amount 
of foliar symptoms (Brzostowski et 
al. 2014; Kandel et al. 2017a; Rupe 
et al. 1997; Westphal et al. 2014) 
Irrigation  Increased macroconidia masses on 
soybean roots following periods of 
high soil moisture (Melgar et al. 
1994) 
 Increased FDX due to wet 
conditions (Melgar et al. 1994; de 
Farias Neto et al. 2006) 
Crop rotation  Root lesions occurred on soybean, 
alfalfa, pinto and navy bean, white 
and red clover, pea, and Canadian 
milk vetch (Kolander et al. 2012) 
 Soybean, alfalfa, and red clover 
developed foliar symptoms 
(Kolander et al. 2012) 
Crop residue 
management 
 None known  Crop residue removal reduced foliar 
SDS symptoms (Navi and Yang 
2016) 
Tillage  No effect on root rot (Kandel et al. 
2017b) 
 Subsoiling reduced foliar symptoms 
(Vick et al. 2003; Wrather et al. 
1995)  
Tillage did not effect foliar 
symptoms (Kandel et al. 2016a) 
Compaction did not significantly 
increase FDX (de Farias Neto et al. 
2006) 
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Table 1. Continued   
Planting date  Earlier planting into cooler soil 
favors root rot (Scherm and Yang 
1996) 
Root rot was greater in earlier 
planting dates (Kandel et al. 2016a) 
 Foliar symptoms were reduced by 
planting later in the season 
(Hershman et al. 1990) 
Planting date inconsistent with 
foliar symptoms (Wrather et al. 
1995) 
Planting date did not affect amount 
of foliar symptoms (Kandel et al. 
2016a) 
Early planting dates had the most 
foliar symptoms (Marburger et al. 
2016) 
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CHAPTER 2. EVALUATION OF SEED TREATMENTS AND CULTIVARS ON BOTH 
PHASES OF SUDDEN DEATH SYNDROME 
Abstract 
 A two-year study was conducted in Iowa, Minnesota and Ontario in 2015 and 2016 to 
determine the effects of seed treatments and cultivar on both the root rot and the foliar phase of 
sudden death syndrome (SDS) caused by Fusarium virguliforme. All locations evaluated two 
seed treatments: (1) base seed treatment (control), which was prothioconazole + penflufen + 
metalaxyl (0.019 mg a.i/seed) + metalaxyl (0.02 mg a.i/seed) + clothianidin + Bacillus firmus I-
1582 (0.13 mg a.i/seed) and (2) base treatment + fluopyram (0.15 mg a.i/seed), while Roland, IA 
and Muscatine, IA locations in 2015, included a third seed treatment: (3) base treatment + 
fluopyram (0.075 mg a.i./seed). All three seed treatments were included in all the 2016 locations. 
Three soybean cultivars were planted at each location and categorized as susceptible, moderately 
resistant, and resistant. Fluopyram significantly reduced root rot at 7 of the 10 locations along 
with foliar symptoms at 5 of the 9 locations foliar symptoms occurred. Fluopyram also 
significantly increased yields at half of the locations. These findings suggest that both the root rot 
and the foliar phase of SDS play an important role in SDS and should be managed accordingly. 
 
Introduction 
Sudden death syndrome (SDS) is a soybean (Glycine max [L.] Merr.) disease caused by 
four soilborne Fusarium species (Hartman et al. 2015). In the United States and Canada, it is 
caused by F. virguliforme O’Donnell & T. Aoki (Aoki et al. 2003). It is one of the most 
devastating soybean diseases in North America (Allen et al. 2017; Koenning and Wrather 2010; 
Wrather and Koenning 2009; Wrather et al. 2010). SDS was initially identified in Arkansas in 
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1971 (Hirrel 1983) and the disease has since spread to every major soybean-producing state and 
Ontario, Canada (Anderson and Tenuta 1998). Yield losses due to SDS can range anywhere from 
minimal damage to 80% in individual fields (Roy et al. 1997) depending on disease severity and 
time of onset (Hartman et al. 2015).  
 Fusarium virguliforme overwinters in the soil and infects soybean roots early in 
development and, once SDS onset occurs, both root damage and foliar symptoms can occur 
(Rupe 1989). Brown-colored root rot lesions will appear with signs of infection, including blue-
pigmented sporulation on roots (Scherm and Yang 1996). The brown discoloration can continue 
through the taproot, but does not go higher than the lower stem, while the pith remains white 
(Hartman et al. 2015). There are also less lateral roots on infected plants (Díaz Arias et al. 2013) 
causing a reduction in soybean health. Foliar symptoms start with interveinal chlorosis and 
necrosis and can advance to premature defoliation and pod abortion (Roy et al. 1997), which 
leads to decreased soybean yield. After infection, the pathogen typically inhabits the plant 
without noticeable foliar symptoms until the reproductive growth stages (Roy et al. 1997). 
Fusarium virguliforme then produces toxins, including FvTox1, which moves through the 
soybean xylem and causes foliar symptoms (Brar et al. 2011). Abeysekara and Bhattacharyya 
(2014) discovered five F. virguliforme proteins in the xylem sap of infected soybean plants that 
are also candidate proteinacious toxins. SDS symptoms have the ability to progress very rapidly 
if the conditions are conducive for disease development. Using resistant soybean cultivars and 
seed treatments could help in the reduction of damage from the pathogen. 
  The progression of SDS symptoms heavily relies on environmental conditions. Adequate 
soil moisture along with low soil temperatures (15°C) at planting can lead to more root rot 
compared to drier soil and higher temperatures (Scherm and Yang 1996). Scherm and Yang 
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(1996) also found that temperatures between 22°C and 24°C led to the most foliar symptoms 
during the growing season. Heavy rains during the early reproductive stages are crucial to foliar 
symptom development (Leandro et al. 2013; Scherm and Yang 1996). The midseason rains move 
the toxin from the F. virguliforme source at the roots, through the xylem, and into the foliage 
causing foliar symptoms (Abeysekara and Bhattacharyya 2014). 
 Choosing a resistant cultivar is often considered the best management tool to control 
plant diseases. However, there is no cultivar completely resistant to SDS currently available 
(Kandel et al. 2016a, b; Marburger et al. 2016; Mueller et al. 2003). Since F. virguliforme is a 
soilborne pathogen that infects at the seedling stage, seed treatments are another potential option. 
Weems et al. (2015) tested nine different seed treatments and none consistently reduced the 
amount of infection or the amount of foliar symptoms due to SDS. However, fluopyram (ILeVO; 
Bayer CropScience, Research Triangle Park, NC), a succinate dehydrogenase inhibitor (SDHI) 
(Fungicide Resistance Action Committee Code 7), has since been shown to be an effective seed 
treatment against SDS (Kandel et al. 2016a; Kandel et al. 2016b). The objectives of this study 
were to evaluate the influence of seed treatment and soybean cultivar on root rot, SDS foliar 
symptoms, plant population, dry root weight, grain yield and F. virguliforme concentrations 
using qPCR under an extensive range of field conditions to help further understand the role of 
root rot in SDS.  
 
Materials and Methods 
 Field studies were conducted in 2015 and 2016 in the United States (Iowa, Minnesota) 
and Canada (Ontario) for a total of ten field trials; five each year (Table 1). Additional locations 
were part of this study, but were not used for this analysis because of missing data. See 
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Appendix (Table A1 – A5) for the complete list of locations including those that were excluded 
for a variety of reasons from this chapter. Three soybean cultivars of varying levels of resistance 
to SDS (determined by each seed company) were planted with two or three seed treatment rates 
at each location. All locations included two seed treatments: (1) base seed treatment (control), 
which was the combination of fungicides, insecticides and a nematistat, prothioconazole + 
penflufen + metalaxyl (EverGol Energy, 0.019 mg a.i/seed, Bayer CropScience) + metalaxyl 
(Allegiance, 0.02 mg a.i/seed, Bayer CropScience) + clothianidin + Bacillus firmus I-1582 
(Poncho/VOTiVO, 0.13 mg a.i/seed, Bayer CropScience), and (2) base treatment + fluopyram 
(ILeVO) at the standard rate (0.15 mg a.i/seed). A third seed treatment was included in 2015, 
Roland, IA and Muscatine, IA: (3) base treatment + fluopyram (ILeVO) at half rate (0.075 mg 
a.i./seed). All three seed treatments were included in all of the 2016 locations. Soybean cultivars 
varied by location, but were selected based on their appropriate relative maturity for each 
location. 
 Fields were laid out in a strip plot design where the vertical strip contained seed 
treatments and the horizontal strip contained varying resistance ratings. There were four 
replications at all sites except for the Roland, IA site in 2016, which included eight replications. 
Each plot consisted of 4 to 5 rows that were 5.3 m to 9.1 m long with row spacings of 38.1 cm to 
76.2 cm. Planting population ranged from 308,881 seeds/ha to 577,067 seeds/ha, while tillage 
(disc followed by field cultivator) was completed and corn was the previous crop for all locations 
(Table 1).  
 Locations were selected because of observations of high levels of SDS in previous years 
from natural infestation. Plots were also infested with local F. virguliforme isolates at Muscatine, 
IA and Rosemount, MN. Inoculum was used to infest sorghum and was prepared following the 
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procedure described by de Farias Neto et al. (2006). Inoculum was then seeded simultaneously 
with the soybean seed. Irrigation was used at Muscatine, IA and Rosemount, MN while the other 
field experiments received only natural precipitation (Table 1). Pre- and post emergence 
herbicides were used at recommended labeled rates as needed (Table 1). 
 
Assessments: 
Weather data. Monthly cumulative precipitation for each experiment site was obtained from 
weather stations installed near the plots or through public weather service websites 
(http://w2.weather.gov/climate or http://mesonet.agron.iastate.edu/) (Table 2).  
 
Plant population. Plant population was collected at early vegetative (V2 to V4) growth stages 
(Fehr et al. 1971). Total plants were counted in 3.0 to 6.1 m in the center rows of each plot. 
 
Root rot. Ten to 12 roots were collected from the outermost two rows at the R4 to R5 stage 
(Fehr et al. 1971). Roots were gently washed to remove soil. Root rot severity was visually 
estimated as the percentage of area of the root showing root lesions (0-100% scale) on individual 
roots, and averaged across each sample. Percent root rot reduction was calculated as 
   	
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  x 100. Appendix Figure B1 was 
used as a guide for root rot ratings.   
 
Dry root weight. Roots were air dried on the greenhouse bench. Roots were then weighed by 
plot using a digital scale and recorded for the individual locations.  
 
 30  
F. virguliforme concentrations. Dried roots were ground to fine powder using a Wiley mill 
(Arthur H. Thomas Company, Philadelphia, PA). DNA was extracted from soybean root powder 
using a DNeasy Plant Mini Kit (Qiagen, Germantown, MD). DNA quantity and quality were 
tested using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE) 
and normalized to 10 ng/μl. Concentration of F. virguliforme in soybean root was determined 
using the F. virguliforme specific assay published by the Chilver’s lab at Michigan State 
University (Wang et al. 2015, Kandel et al 2015b). Serial dilutions (10-fold from 1 ng to 1 fg) of 
the Mont-1 F. virguliforme isolate were used to produce a standard curve as described in Kandel 
et al. (2015b). The standard curve was used to determine the concentration of F. virguliforme 
DNA in unknown samples. The Master Mix used was TaqMan 2X Universal PCR Master Mix 
(Thermo Fisher Scientific, Wilmington, DE).  
qPCR was conducted with two technical replications of each DNA sample in a 96-well 
plate. Each plate contained two nontemplate water controls (NTC), 14 samples of known Mont-1 
isolate DNA dilution series for the standard curve, with the rest of the wells containing our 
unknown DNA samples. A BioRad iQ5/iCycler with iQ5 optical system software (version 2.1; 
Bio-Rad Laboratories, Inc.) was the qPCR instrument used. Amounts of pg F. virguliforme DNA 
was calculated per 50 ng total DNA in 2015, and per gram ground soybean powder in 2016. 
 
Foliar disease index (FDX). Once foliar disease symptoms appeared, they were recorded on a 
weekly basis, with the last rating recorded at the R6 growth stage (Fehr et al. 1971). Disease 
incidence was estimated as a percentage of symptomatic plants in the middle two rows of each 
plot. Disease severity estimates were based on the symptomatic plants using a previously 
established 1 to 9 scale (Gibson et al., 1994; Kandel et al 2015a), where 1 = 1-10% leaf surface 
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chlorotic or 1-5% necrotic, 2 = 10-20% leaf surface chlorotic or 6-10% necrotic, 3 = 20-40% leaf 
surface chlorotic or 11-20 necrotic, 4 = 40-60% leaf surface chlorotic or 21-40% necrotic, 5 = 
greater than 60% leaf surface chlorotic or greater than 40% necrotic, 6 = premature leaf drop up 
to 1/3 defoliation, 7 = premature leaf drop up to 2/3 defoliation, 8 = premature leaf drop greater 
than 2/3 defoliation, and 9 = premature death. Calculations for FDX followed the formula FDX = 
(disease incidence x disease severity)/9. 
 
Yield data. Seed was mechanically harvested using a small plot combine at R8 (full maturity) 
from the middle two rows of the plot. Grain moisture was recorded at harvest and yields were 
adjusted to 13% moisture.  
 
Data analysis. 
 Analysis of variance was performed using Proc GLIMMIX (version 9.4; SAS Institute Inc. 
Cary, NC) for root rot severity, FDX, dry root weight, grain yield and F. virguliforme 
concentration. Data analysis was performed separately for each experimental location and year. 
Seed treatment and soybean cultivar were treated as fixed factors while replication was treated as 
a random factor. Mean separation was performed using Fisher’s protected least significant 
difference at an alpha level of α = 0.05.   
Pearson’s correlation was calculated in SAS using Proc CORR in order to determine the 
association between root rot, FDX, dry root weight, plant population yield and F. virguliforme 
concentration.  
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Results 
There was a wide range of root rot and foliar symptoms across locations (Tables 3 and 4). 
We did not observe any diseases known to have similar symptoms to SDS, namely brown stem 
rot caused by Phialophora gregata (Allington D. W. Chamberlain) W. Gams) and northern stem 
canker (caused by Diaporthe caulivora) (Athow & Caldwell) J. M. Santos, Vrandecic & A. J. L. 
Phillips).   
Plant population. There was a significant difference in plant population among 
treatments only at Roland, IA in 2016 (Table 5). The high rate of fluopyram had a significantly 
higher plant population than both the base and the half rate of fluopyram. There was a significant 
difference in plant population between cultivars at two locations. The susceptible cultivar had 
significantly fewer plants than both the moderately resistant and resistant cultivars at Rodney, 
ON in 2015. However, in 2016 at Roland, IA the susceptible cultivar had significantly more 
plants than the other two cultivars. 
Root Rot. Both rates of the fluopyram seed treatment significantly reduced root rot 
severity in most experiments (Table 3). In 2015, 4 of the 5 locations showed a significant 
reduction (minimum of 40%) in root rot severity, with Rosemount, MN having the greatest 
percent reduction (80%). The location with no significant reduction in root rot in 2015, Rodney, 
ON, had the lowest root rot severity (2.2% for base seed treatment) of all locations. In 2016, 3 of 
the 5 locations had a reduction in root rot severity due to fluopyram, with Rosemount, MN 
having the greatest reduction (73%). 
Two locations, Highgate, ON and Roland, IA, had significant reductions in root rot 
severity due to cultivar resistance in 2015. Only two locations in 2016, Highgate, ON and 
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Rodney, ON had a significant reduction in root rot severity with both resistant and moderately 
resistant cultivars having less root rot than the susceptible cultivar.  
Dry root weight. Root weight was not affected by seed treatments at any locations in 
either year (Table 6). In 2015, cultivars significantly differed at Muscatine, IA for root weight 
with the resistant cultivar’s roots weighing 45% more than the susceptible cultivar. Differences 
in dry root weight between cultivars were significant at three locations in 2016. However, the 
susceptible cultivar had the greatest dry root weight in 2 of these 3 locations (Table 6).  
F. virguliforme concentrations. The qPCR results examining the effect of seed 
treatments and cultivar resistance on the amount of F. virguliforme DNA were not significant (P 
> 0.05) at any location either year (Table 7).  
Foliar disease index (FDX). Foliar symptoms occurred both years in all locations, 
except for Highgate, ON in 2015. Of the seven locations where foliar symptoms where greater 
than 5%, fluopyram significantly reduced the FDX in four (Table 4). In 2015, Roland, IA and 
Rosemount, MN had foliar disease index near or greater than 20% for the base seed treatment. At 
both locations, the high rate of fluopyram significantly reduced FDX (by 57 and 95%, 
respectively). In 2016, only the Rosemount, MN, which had a FDX of 50.5 for the base seed 
treatment, had a 40% reduction of FDX with the high rate of fluopyram seed treatment (Table 4).  
Resistant or moderately resistant cultivars had significantly less SDS than the susceptible 
cultivar in 3 of 4 locations in 2015 and 3 of 5 in 2016. In 2015, the largest FDX reduction (88%) 
between the base seed treatment and the high rate of fluopyram was observed in Muscatine, IA. 
Roland, IA had a larger reduction in FDX between the moderately resistant cultivar and the 
susceptible cultivar than between the resistant and susceptible cultivar (66% vs. 31%). In 2016, 
the FDX was reduced by cultivar resistance (P<0.001) in Highgate, ON; Rodney, ON; and 
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Roland, IA by 77%, 83% and 59%, respectively. In 2016, the susceptible cultivar at Rosemount, 
MN had the least amount of FDX (Table 4). 
Yield. Yield was significantly greater in the fluopyram seed treatments than the base seed 
treatments in 5 of the 10 field trials (Table 8). Yield differences between the high rate of ILeVO 
and the base seed treatment ranged from 12% (Rosemount, MN, 2015) to 20% (Rosemount, MN, 
2016). Rosemount, MN was the only location with a significant yield increase due to fluopyram 
seed treatment in 2016. 
 Nine of the 10 experiments showed a significant increase in yield due to the resistance of 
the cultivar. Cultivar yield differences ranged from 11% to 41% in 2015 while only Roland, IA 
had a resistant cultivar yield higher than the susceptible. The susceptible cultivar had the highest 
yield in two locations in 2016 (Muscatine, IA, and Rosemount, MN). 
 Correlation. There was a significant positive correlation between root rot and FDX at 8 
of the 9 locations where foliar symptoms occurred (Table 9). The correlation coefficients ranged 
from 0.387 to 0.694 among significant locations. There was a significant negative correlation 
between dry root weight and FDX at Rodney in 2015 (r=-0.529). There was significant 
correlation between the concentration of F. virguliforme DNA extracted and FDX at only one 
location; Rosemount, MN in 2015 (r=0.484). There was no significant correlation between FDX 
and plant population at any location either year. There was significant negative correlation 
between yield and FDX at 7 of the 9 locations where foliar symptoms occurred (Table 9). 
  There was a significant negative correlation between root rot and yield at 7 of the 10 
locations (Table 10). The coefficients ranged from -0.458 at Rodney, ON in 2016 to -0.714 at 
Rosemount, MN in 2015. In 2015, Rodney, ON had a significant correlation between root dry 
weight and yield (r=0.574), along with Muscatine in 2015 (r=0.615) and Highgate, ON in 2016 
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(r=0.378). Only Rosemount, MN had a significant negative correlation (r=-0.601) between the 
concentration of F. virguliforme DNA extracted and yield. Only Rodney, ON had a significant 
correlation between yield and plant population (r=0.428) in 2015 (Table 10).   
 
Discussion 
 Studies have shown that F. virguliforme can cause detrimental effects to soybean roots, 
causing brown discoloration (Díaz Arias et al. 2013). Our study has displayed consistent results 
with 7 out of 10 experiments exhibiting a reduction in root rot due to fluopyram seed treatment. 
One of the remaining three locations did not have enough root rot (<5%), which may explain 
why there was no significant difference between the control seed treatment and the fluopyram 
treatments. Plants at several locations (Muscatine, IA and Rosemount, MN) showed over 60% 
reductions in root rot due to fluopyram compared to the untreated controls in 2015. Reductions in 
root rot were also seen in 2016, albeit at a wider range of percentages (24% to 73%). 
F. virguliforme infects at an early stage of soybean development (Kandel et al. 2016a), which is 
a likely reason as to why the fluopyram seed treatment was able to protect the roots from 
infection and subsequent root rot.  
Yield was significantly increased due to fluopyram at 5 of 10 locations, and ranged from 
12.9% to 19.8%, with an average yield increase of 15.3%. This significant yield increase shows 
the importance of seed treatment in conditions with high disease and also illustrates the 
importance of root health. Nine of the 10 field trials showed significant yield increase because of 
cultivar resistance alone. There are no completely resistant cultivars to SDS (Mueller et al. 2003) 
but different cultivars yield differently which likely accounts for the yield differences between 
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cultivars in the field experiments. In 2016, the susceptible cultivar yielded higher at two of the 
locations indicating that selecting a resistant cultivar may not always lead to the highest yields.  
Root rot was present regardless of foliar SDS symptoms, which shows the need to better 
understand the root rot component of this disease. Analysis of another crucial component of SDS 
could change the way breeders select for resistance. Selecting for root rot resistance could 
become an essential component of disease screenings. Root rot has been analyzed in other 
Fusarium species (Díaz Arias et al. 2013), further linking the importance to study the root rot 
phase of F. virguliforme.  
 Correlation between root rot and FDX was found at 8 of the 9 locations where both were 
observed. This correlation conflicts with previous studies (Kandel et al. 2016a; Scherm and Yang 
1996; Wrather et al. 1995), which reported no significant correlation between root rot and foliar 
symptoms. These current findings could be due to 2015 and 2016 being conducive to root rot 
symptoms and might be in part due to the sampling times for root rot rating. In our study, roots 
were rated between R4 and R5, when foliar symptoms were visible in the field while in previous 
studies, with no correlation reported, roots were rated at seedlings stage (Kandel et al. 2016a).  
 Differences in F. virguliforme DNA amounts between the seed treatments were not 
significant at any of the locations at α = 0.05. In most locations, the trend was similar with 
fluopyram treatments having lower F. virguliforme concentration than the base treatment. As 
previously stated, F. virguliforme is a soilborne fungi that leads to natural variability within the 
field, which may explain lack of significance with the small volume of samples processed. This 
result suggests that larger sample volume or more samples might be required to detect treatment 
differences.  
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Our findings suggest that at locations with known SDS history in years with favorable 
weather for the F. virguliforme pathogen, use of fluopyram as a seed treatment, along with 
resistant cultivars, helps protect soybean yields from SDS. Fluopyram-treated seed along with 
resistant cultivars will outcompete susceptible seed without fluopyram. This paper takes into 
account two years and ten locations, where both years were favorable for SDS development. The 
correlation analysis found significant correlation between root rot and FDX at 8 of the 9 
locations where both occurred. FDX was negatively correlated with yield in most of the 
locations. Soybeans at Muscatine, IA in 2015 had low FDX but relatively high root rot and 
showed both greater yields and less root rot with the high rate of fluopyram indicating plants 
may lose yield even in the absence of foliar symptoms and managing root rot is important to 
reduce the loss due to the disease. This highlights the importance of protecting soybeans from 
both phases of SDS. To our knowledge, this is the first study that explained the contribution of 
root rot on in yield loss due to SDS. The research presented here should help farmers make 
informed management decisions concerning SDS. This study should also serve as a foundation 
for future studies regarding the importance of the root rot phase of SDS. 
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Table 1. Year, location, planting and harvest dates, row spacing, planted population, tillage, and management operations conducted 
for experiment sites in Iowa, Minnesota, and Ontario, Canada from 2015 to 2016, examining the impact of seed treatments and 
cultivar resistance on root rot from sudden death syndrome (SDS) of soybean. 
                  Herbicidew 
Year, 
Locx 
Planting 
date 
Harvest 
date Inocy Irrigz 
Row 
spacin
g (cm) 
Planted 
population 
(plants/ha) Tillage 
Previous 
crop Preemergence Postemergence  
2015 
Hg, 
ON 
8-May 5-Oct No No 43.2  NA disc followed 
by field 
cultivator 
corn  NA  NA 
Mu, 
IA 
12-May 1-Oct Yes Yes 76.2 308,881 disc followed 
by field 
cultivator 
corn pyroxasulfone glyphosate + 
clethodim + 
cloransulan 
Rd, 
ON 
12-May 27-Oct No No 43.2  NA disc followed 
by field 
cultivator 
corn  NA  NA 
Ro, 
IA 
13-May 9-Oct No No 76.2 308,881 disc followed 
by field 
cultivator 
corn None glyphosate + 
clethodim, 
glyphosate + 
lactofen 
Rm, 
MN 
7-May 5-Oct Yes Yes 38.1  NA disc followed 
by field 
cultivator 
corn  NA  NA 
2016           
Hg, 
ON 
11-May 13-Oct No No 43.2  NA disc followed 
by field 
cultivator 
corn  NA  NA 
Mu, 
IA 
5-May 12-Oct Yes Yes 76.2 308,881 disc followed 
by field 
cultivator 
corn metolachor + 
cloransulam-
methyl 
glyphosate + 
clethodim 
  
 
4
2
4
2
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Table 1. Continued         
Rd, 
ON 
  No No 43.2  NA disc followed 
by field 
cultivator 
corn  NA  NA 
Ro, 
IA 
6-May 14-Oct No No 76.2 308,881 disc followed 
by field 
cultivator 
corn None glyphosate + 
clethodim + 
lactofen 
Rm, 
MN 
6-May 3-Oct Yes Yes 38.1  NA disc followed 
by field 
cultivator 
corn NA NA 
 
wMu, IA 2015 – pyroxasulfone (Zidua, 2.0 oz./acre, BASF, Ludwigshafen, Germany) preemergence, glyphosate (Buccaneer Plus, 
40 oz./acre, Tenkoz, Alpharetta, GA), clethodim (Volunteer, 8 oz./acre, Tenkoz), and cloransulan (First Rate, 2 oz./acre, Dow 
AgroSciences, Indianapolis, IN) postemergence. Ro, IA 2015 – glyphosate (RoundUp WeatherMax, 30 oz./acre, Monsanto, St. 
Louis, MO), clethodim (SelectMax, 8 oz./acre, Valent, Libertyville, IL), lactofen (Cobra, 24 oz./acre, Valent) postemergence. Mu, 
IA 2016 – metolachor (Dual II Magnum, Syngenta, Basel, Switzerland), choransulam-methyl (First Rate) preemergence, 
glyphosate (Buccaneer Plus), clethodim (Volunteer) postemergence. Ro, IA 2016 – glyphosate (RoundUp WeatherMax), 
clethodim (SelectMax), lactofen (Cobra). All rates within recommended label amounts where not labeled. 
x Locations: Highgate (Hg), ON; Muscatine (Mu), IA; Rodney (Rd), ON; Roland (Ro), IA; and Rosemount (Rm), MN.   
y Inoculation: In Iowa, inoculated with Fusarium virguliforme isolate NE 305, infested at 8.3 g/m of linear row; Minnesota, 
inoculated with the isolate NA, infested ground sorghum at NA cm3/m of linear row. 
z Irrigation: In Muscatine, Iowa between the growth stages V5 and R5, water delivered through overhead irrigation in weeks when 
the natural precipitation was below 5 cm. In Minnesota, plots were irrigated when needed to get >2.5 cm water per week. 
  NA = not available. 
 
  
4
3
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Table 2. Monthly precipitation recorded during the soybean growing season in Iowa, Minnesota, and 
Ontario, Canada from 2015 and 2016. 
        Monthly precipitation (cm)y 
Year Statez City County May June July August Sept Total 
2015 ON Highgate Kent 8.0 8.1 7.3 7.6 7.7 38.7 
2015 IA Muscatine Muscatine  20.6 18.1 19.4 8.7 7.5 74.3 
2015 ON Rodney West Elgin 6.0 17.3 6.2 3.5 6.3 39.3 
2015 IA Roland Story 11.5 17.5 15.1 20.9 12.8 77.8 
2015 MN Rosemount Dakota 9.0 11.2 18.6 7.6 11.8 58.2 
2016 ON Highgate Kent NA NA NA NA NA NA 
2016 IA Muscatine Muscatine  10.4 15.0 15.2 20.5 4.4 65.5 
2016 ON Rodney West Elgin NA NA NA NA NA NA 
2016 IA Roland Story 10.9 2.4 14.9 20.9 20.0 69.1 
2016 MN Rosemount Dakota 6.2 11.4 12.9 19.9 13.9 64.3 
y Natural precipitation. 
z Locations: Highgate (Hg), ON; Muscatine (Mu), IA; Rodney (Rd), ON; Roland (Ro), IA; and Rosemount 
(Rm), MN.  
NA = not available.  
4
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Table 3. Main effects of seed treatment and cultivar resistance on root rot (%)x from Fusarium virguliforme, causal organism of sudden 
death syndrome of soybean, in Iowa, Minnesota and Ontario, Canada from 2015 and 2016. 
  2015   2016 
Variablesy Hg, 
ONz 
Mu, 
IA Rd, ON Ro, IA Rm, MN Hg, ON 
Mu, 
IA Rd, ON Ro, IA 
Rm, 
MN 
Seed 
Treatment 
  
Base 6.5 a 30.3 a 2.2 37.7 a 16.3 a 15.0 26.1 a 32.6  42.9 a 14.1 a 
Base + 
fluopyram 
(0.15 mg 
a.i./seed) 3.8 b 11.2 c 0.5 20.1 b 3.3 b 15.5 20.0 b 26.8 
 
16.6 b 3.9 b 
Base + 
fluopyram 
(0.075 mg 
a.i./seed) … 19.4 b … 22.7 b … 13.2 18.4 b 26.8 
 
22.1 b 1.8 b 
P > F (seed 
treatment) <0.001 
<0.00
1 0.071 <0.001 <0.001 0.819 0.009 0.213 
 
0.002 <0.001 
Cultivar 
Resistance  
 
Susceptible 5.8 a 21.3 0.9 30.5 a 11.0 24.1 a 24.0 44.1 a 35.9 4.4 
Moderately 
Resistant 4.2 b 18.3 0.8 19.4 b 7.0 8.5 b 20.2 22.2 b 33.4 8.3 
Resistant 5.5 a 21.3 2.5 30.6 a 11.4 11.3 b 20.3 19.9 b 24.0 7.1 
P > F 
(cultivar 
resistance) 0.031 0.503 0.248 0.016 0.352   <0.001 0.204 <0.001 
 
0.080 0.437   
x Root rot severity is characterized by a 0 to 100% scale visually rated by the area covered in lesions compared to the entire root area. 
y Seed treatments: Base = prothioconazole + penflufen + metalaxyl (EverGol Energy 0.019 mg a.i/seed) + metalaxyl (Allegiance 0.02 
mg a.i/seed) + clothianidin + Bacillus firmus I-1582 (Poncho/VOTiVO 0.13 mg a.i/seed), Base + fluopyram (ILeVO 0.15 mg a.i/seed), 
and Base + fluopyram (ILeVO 0.075 mg a.i/seed). Cultivar resistance ratings provided by industry. 
z Locations: Highgate (Hg), ON; Muscatine (Mu), IA; Rodney (Rd), ON; Roland (Ro), IA; and Rosemount (Rm), MN.  
Means with the same letter are not significantly different at alpha level 0.05. 
“…” denotes the treatment was not included in that location.  
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Table 4. Main effects of seed treatment and cultivar resistance on foliar disease index (FDX)x from Fusarium virguliforme, causal 
organism of sudden death syndrome of soybean, in Iowa, Minnesota and Ontario, Canada from 2015 and 2016. 
  2015   2016 
Variablesy 
Hg, ONz Mu, IA 
Rd, 
ON Ro, IA Rm, MN Hg, ON Mu, IA Rd, ON Ro, IA Rm, MN 
Seed 
Treatment  
 
Base 0 5.4 a 2.9 47.1 a 19.9 a 30.7 0.3 21.2  23.2 50.5 a 
Base + 
fluopyram 
(0.15 mg 
a.i./seed) 0 0.1 b 0.2 20.0 b 1.0 b 28.8 0.7 21.5 
 
18.8 29.9 b 
Base + 
fluopyram 
(0.075 mg 
a.i./seed) … 0.9 b … 24.3 b … 31.0 0.1 17.2 
 
16.3 12.0 c 
P > F (seed 
treatment) 1 0.015 0.102 0.013 <0.001 0.845 0.195 0.621 
 
0.344 <0.001 
Cultivar 
Resistance  
 
Susceptible 0 4.9 a 0.8 45.2 a 21.2 a 64.2 a 0.8 39.4 a 21.6 a 20.5 b 
Moderately 
resistant 0 0.9 b 3.2 15.2 b 5.5 b 11.6 b 0.2 13.9 b 27.9 a 39.5 a 
Resistant 
0 0.6 b 0.7 31.0 
a
b 4.7 b 14.8 b 0.0 6.6 b 8.8 b 32.4 
a
b 
P > F 
(cultivar 
resistance) 1 0.046 0.361 0.010 <0.001 <0.001 0.086 <0.001 
 
<0.001 <0.001 
x FDX was calculated using the formula FDX = disease incidence x disease severity/9; disease incidence was estimated as a 
percentage of symptomatic plants per plot, and disease severity was scored on a 0 to 9 scale (0=no disease and 9 = premature death) 
based on percentage of necrotic leaf area and percentage of defoliation. 
y Seed treatments: Base = prothioconazole + penflufen + metalaxyl (EverGol Energy 0.019 mg a.i/seed) + metalaxyl (Allegiance 0.02 
mg a.i/seed) + clothianidin + Bacillus firmus I-1582 (Poncho/VOTiVO 0.13 mg a.i/seed), Base + fluopyram (ILeVO 0.15 mg 
a.i/seed), and Base + fluopyram (ILeVO 0.075 mg a.i/seed). Cultivar resistance ratings provided by industry. 
z Locations: Highgate (Hg), ON; Muscatine (Mu), IA; Rodney (Rd), ON; Roland (Ro), IA; and Rosemount (Rm), MN.  
Means with the same letter are not significantly different at alpha level 0.05. 
“… ” denotes the treatment was not included in that location.  
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Table 5. Main effects of seed treatment and cultivar resistance on plant population (plants/ha) in Iowa, Minnesota and Ontario, 
Canada from 2015 and 2016. 
  2015   2016 
Variablesy Hg, ONz Mu, IA Rd, ON Ro, IA Rm, MN   Hg, ON Mu, IA Rd, ON Ro, IA Rm, MN 
Seed 
Treatment 
Base 385,924 252,952 356,316 251,158 230,235 290,074 273,403 332,672 257,167 b 330,808 
Base + 
fluopyram 
(0.15 mg 
a.i./seed) 390,154 274,838 370,464 252,593 229,515 291,747 272,506 321,604 271,699 a 323,991 
Base + 
fluopyram 
(0.075 mg 
a.i./seed) … 252,593 … 259,410 … 286,600 269,994 329,583 250,350 b 331,167 
P > F (seed 
treatment) 0.606 0.315 0.188 0.715 0.967 0.926 0.893 0.489 0.004 0.886 
Cultivar 
Resistance 
Susceptible 374,329 264,433 328,167 b 259,410 223,939 288,401 278,426 334,473 283,449 a 320,403 
Moderately 
Resistant 395,988 247,211 380,673 a 251,875 238,508 295,480 261,921 323,020 245,148 b 322,556 
Resistant 393,800 268,739 381,329 a 251,875 227,177 284,541 275,555 326,366 250,619 b 343,007 
P > F 
(cultivar 
resistance) 0.084 0.394 <0.001   0.722 0.768   0.712 0.079 0.468 <0.001   0.330 
y Seed treatments: Base = (EverGol Energy + Allegiance + Poncho/VOTiVO), Base + ILeVO (0.15 mg a.i/seed), and Base + 
ILeVO (0.075 mg a.i/seed). Cultivar resistance based on industry standards. 
z Locations: Highgate (Hg), ON; Muscatine (Mu), IA; Rodney (Rd), ON; Roland (Ro), IA; and Rosemount (Rm), MN.    
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Table 6. Main effects of seed treatment and cultivar resistance on dry soybean root weight (g) from Iowa, Minnesota and Ontario, 
Canada from 2015 and 2016. 
  2015   2016 
Variablesy Hg, ONz Mu, IA Rd, ON Ro, IA Rm, MN Hg, ON Mu, IA Rd, ON Ro, IA Rm, MN 
Seed 
Treatment  
 
Base 9.3 3.1 8.1 12.2 37.5 51.1 21.4 4.4  32.1 66.2 
Base + 
fluopyram 
(0.15 mg 
a.i./seed) 9.7 3.0 8.0 12.7 39.7 52.4 22.8 4.1 
 
33.4 65.6 
Base + 
fluopyram 
(0.075 mg 
a.i./seed) … 3.0 … 12.4 … 58.6 23.5 4.4 
 
34.2 60.8 
P > F (seed 
treatment) 0.752 0.671 0.963 0.706 0.478 0.393 0.217 0.579 
 
0.704 0.201 
Cultivar 
Resistance  
 
Susceptible 9.5 2.1 c 8.1 12.3 36.1 49.9 a 20.2 b 4.7 a 35.6 70.5 a 
Moderately 
resistant 9.2 3.2 b 7.1 12.5 36.9 57.9 b 25.1 a 3.6 b 29.9 59.8 b 
Resistant 9.7 3.8 a 9.0 12.5 42.9 54.3 ab 22.3 b 4.6 a 34.2 62.3 b 
P > F 
(cultivar 
resistance) 0.929 <0.001 0.246 0.950 0.171 0.403 0.002 0.005 
 
0.072 0.006 
y Seed treatments: Base = prothioconazole + penflufen + metalaxyl (EverGol Energy 0.019 mg a.i/seed) + metalaxyl (Allegiance 
0.02 mg a.i/seed) + clothianidin + Bacillus firmus I-1582 (Poncho/VOTiVO 0.13 mg a.i/seed), Base + fluopyram (ILeVO 0.15 
mg a.i/seed), and Base + fluopyram (ILeVO 0.075 mg a.i/seed). Cultivar resistance ratings provided by industry. 
z Locations: Highgate (Hg), ON; Muscatine (Mu), IA; Rodney (Rd), ON; Roland (Ro), IA; and Rosemount (Rm), MN.  
Means with the same letter are not significantly different at alpha level 0.05. 
“…” denotes the treatment was not included in that location.  
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Table 7. Main effects of seed treatment and cultivar resistance on concentration of Fusarium virguliforme DNA in total DNA 
extracted (pg F.virguliforme DNA)x from soybean roots collected from Iowa, Minnesota and Ontario, Canada from 2015 and 
2016. 
  2015     2016 
Variablesy Hg, 
ONz Mu, IA Rd, ON Ro, IA Rm, MN Hg, ON Mu, IA Rd, ON 
 
Ro, IA Rm, MN 
Seed 
Treatment  
 
Base 4.2 104.6 4.0 524.5 426.3 0.1 0.0 0.0  1.0 0.0 
Base + 
fluopyram 
(0.15 mg 
a.i./seed) 1.9 28.4 0.6 369.6 86.8 0.1 0.0 0.0 
 
97.5 0.0 
Base + 
fluopyram 
(0.075 mg 
a.i./seed) … 35.8 … 212.9 … 0.0 0.0 0.1 
 
0.5 0.5 
P > F (seed 
treatment) 0.298 0.094   0.103 0.254 0.052   0.143 0.095   0.472 
 
0.385 0.358 
Cultivar 
Resistance  
 
Susceptible 3.1 68.9 2.6 428.7 487.3 0.1 0.0 0.0  97.6 0.0 
Moderately 
resistant 1.6 14.9 2.2 419.6 48.9 0.1 0.0 0.0 
 
0.9 0.5 
Resistant 4.3 85.1 2.1 258.6 233.4 0.0 0.0 0.1  0.6 0.0 
P > F 
(Cultivar 
resistance) 0.584 0.157 0.972 0.585 0.117 0.479 0.949 0.495 
 
0.384 0.359 
x In 2015 pg F. virguliforme DNA was calculated per 50 ng total DNA, and in 2016 it was calculated per 1 g ground soybean 
powder. 
y Seed treatments: Base = prothioconazole + penflufen + metalaxyl (EverGol Energy 0.019 mg a.i/seed) + metalaxyl (Allegiance 
0.02 mg a.i/seed) + clothianidin + Bacillus firmus I-1582 (Poncho/VOTiVO 0.13 mg a.i/seed), Base + fluopyram (ILeVO 0.15 
mg a.i/seed), and Base + fluopyram (ILeVO 0.075 mg a.i/seed). Cultivar resistance ratings provided by industry. 
z Locations: Highgate (Hg), ON; Muscatine (Mu), IA; Rodney (Rd), ON; Roland (Ro), IA; and Rosemount (Rm), MN.  
Means with the same letter are not significantly different at alpha level 0.05. 
“… ” denotes the treatment was not included in that location.  
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Table 8. Main effects of seed treatment and cultivar resistance on soybean yield (kg/ha) from Iowa, Minnesota and Ontario, Canada 
from 2015 and 2016. 
  2015     2016 
Variablesy Hg, ONz Mu, IA Rd, ON Ro, IA Rm, MN Hg, ON Mu, IA Rd, ON Ro, IA Rm, MN 
Seed 
Treatment  
 
Base 4067.5 4752.9 b 3143.4 b 3054.3 b 3943.7 b 3904.6 4541.6 1542.8  3810.6 3742.5 b 
Base + 
fluopyram 
(0.15 mg 
a.i./seed) 4419.4 5461.8 a 3741.5 a 3694.3 a 4405.4 a 4081.0 4871.1 1556.3 
 
4095.0 4668.8 a 
Base + 
fluopyram 
(0.075 mg 
a.i./seed) … 4789.3 b … 3461.1 a … 4129.7 4704.7 1624.6 
 
4116 4912.6 a 
P > F (seed 
treatment) 0.059 0.006 0.024 0.011 <0.001 0.662 0.072 0.946 
 
0.069 <0.001 
Cultivar 
Resistance  
 
Susceptible 4303.2 3980.1 b 3453.3 ab 3186.0 b 3947.6 c 1991.7 b 5002.3 a 920.2 b 3924.9 b 4731.0 a 
Moderately 
Resistant 4321.7 5403.5 a 3022.3 b 3810.3 a 4417.5 a 4903.1 a 4200.3 b 1049.7 b 3692.6 b 4198.6 b 
Resistant 4105.6 5620.4 a 3851.7 a 3213.4 b 4158.6 b 5220.5 a 4914.9 a 2753.9 a 4404.0 a 4394.2 b 
P > F 
(cultivar 
resistance) 0.539 <0.001 0.048 0.006 <0.001 <0.001 <0.001 <0.001 
 
<0.001 0.004 
y Seed treatments: Base = prothioconazole + penflufen + metalaxyl (EverGol Energy 0.019 mg a.i/seed) + metalaxyl (Allegiance 0.02 
mg a.i/seed) + clothianidin + Bacillus firmus I-1582 (Poncho/VOTiVO 0.13 mg a.i/seed), Base + fluopyram (ILeVO 0.15 mg a.i/seed), 
and Base + fluopyram (ILeVO 0.075 mg a.i/seed). Cultivar resistance ratings provided by industry. 
z Locations: Highgate (Hg), ON; Muscatine (Mu), IA; Rodney (Rd), ON; Roland (Ro), IA; and Rosemount (Rm), MN.  
Means with the same letter are not significantly different at alpha level 0.05. 
“…” denotes the treatment was not included in that location.  
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Table 9. Pearson correlation coefficients between foliar disease severity (FDX), root rot, dry root weight, Fusarium 
virguliforme (Fv) concentration, plant population, and yield from Iowa, Minnesota and Ontario, Canada from 2015 and 2016. 
FDX (%)y 2015 2016 2015 2015 2015 2016 2016 2016 2015 2016 
  Hg, ONz Mu, IA Rd, ON Mu, IA Rm, MN Rd, ON Ro, IA Hg, ON Ro, IA Rm, MN 
Base FDX at R6 0 0.3 2.9 5.4 19.9 21.2 23.2 30.7 47.1 50.5 
Root rot . 0.387 -0.025 0.566 0.581 0.441 0.694 0.594 0.592 0.499 
  *   ** ** ** ** ** ** ** 
Root dry weight . -0.107 -0.529 -0.081 -0.329 0.098 -0.171 -0.217 0.053 -0.116 
    **               
Fv concentration . 0.071 0.051 -0.116 0.484 -0.185 -0.120 -0.017 0.213 0.014 
        *           
Plant population . -0.086 -0.183 0.168 0.127 0.204 -0.136 -0.131 0.018 0.026 
                    
Yield . 0.186 -0.593 -0.282 -0.806 -0.378 -0.860 -0.776 -0.828 -0.816 
    **   ** * ** ** ** ** 
y FDX was calculated using the formula FDX = disease incidence x disease severity/9; disease incidence was estimated as a 
percentage of symptomatic plants per plot, and disease severity was scored on a 0 to 9 scale (0=no disease and 9 = premature 
death) based on percentage of necrotic leaf area and percentage of defoliation. 
z Locations: Highgate (Hg), ON; Muscatine (Mu), IA; Rodney (Rd), ON; Roland (Ro), IA; and Rosemount (Rm), MN.  
* = significant at 0.05 
** = significant at 0.01 
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Table 10. Pearson correlation coefficients between yield, root rot, dry root weight, Fusarium virguliforme (Fv) concentration, 
plant population, and foliar disease severity (FDX) from Iowa, Minnesota and Ontario, Canada from 2015 and 2016. 
YIELD (kg/ha) 2016 2015 2015 2016 2016 2016 2015 2015 2016 2015 
  Rd, ONz Ro, IA Rd, ON Rm, MN Ro, IA Hg, ON Rm, MN Hg, ON Mu, IA Mu, IA 
Base yield 1543 3054 3143 3743 3811 3905 3944 4068 4542 4753 
Root rot -0.458 -0.660 0.027 -0.607 -0.698 -0.618 -0.714 -0.479 0.046 -0.216 
** **   ** ** ** ** *     
Root dry weight 0.269 -0.082 0.574 0.021 0.108 0.378 0.252 0.082 -0.312 0.615 
    **     *       ** 
Fv concentration 0.283 -0.126 -0.001 0.032 0.205 0.095 -0.601 -0.125 0.102 -0.038 
            **       
Plant population 0.021 -0.061 0.428 0.041 0.181 -0.210 0.162 -0.004 0.056 0.275 
    *               
Final FDX R6 -0.378 -0.828 -0.593 -0.816 -0.860 -0.77574 -0.806 . 0.186 -0.282 
* ** ** ** ** ** **       
z Locations: Highgate (Hg), ON; Muscatine (Mu), IA; Rodney (Rd), ON; Roland (Ro), IA; and Rosemount (Rm), MN.  
* = significant at 0.05 
** = significant at 0.01 
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CHAPTER 3. EVALUATION OF GREENHOUSE SCREENS TESTING FOR SOYBEAN 
SEED TREATMENTS AGAINST SUDDEN DEATH SYNDROME 
Abstract 
 Two greenhouse techniques: (1) soil-incorporated technique and (2) layer technique were 
used to evaluate soybean seed treatments and cultivars. Three seed treatments were evaluated: 
(1) base seed treatment (control), which was prothioconazole + penflufen + metalaxyl (0.019 mg 
a.i/seed) + metalaxyl (0.02 mg a.i/seed) + clothianidin + Bacillus firmus I-1582 (0.13 mg 
a.i/seed), (2) base treatment + fluopyram (0.15 mg a.i/seed) and (3) base treatment + fluopyram 
(0.075 mg a.i/seed) along with three cultivars rated as susceptible, moderately resistant, and 
resistant. Both experiments showed approximately 20% reduction in root rot severity due to 
fluopyram seed treatment when compared to the base. However, neither experiment 
differentiated between treatments for foliar symptoms. Future work is needed to better identify a 
controlled experiment for seed treatments in greenhouse conditions. 
Introduction 
Sudden death syndrome, caused by Fusarium virguliforme O’Donnell & T. Aoki (Aoki et 
al. 2003), is one of the most devastating soybean (Glycine max [L.] Merr.) diseases in North 
America (Allen et al. 2017; Koenning and Wrather 2010; Wrather and Koenning 2009; Wrather 
et al. 2010). Yield losses due to SDS can exceed 80% under conditions ideal for disease 
development (Roy et al. 1997), but yield loss depends on both severity and how early in the 
growing season foliar symptoms occur (Hartman et al. 2015). This disease has been reported in 
most soybean producing states (Hartman et al. 2015) along with Ontario, Canada (Anderson and 
Tenuta 1998). An estimated 1.7 million metric tons (63.5 million bushels) across the United 
 54  
States and Canada was lost due to SDS in 2014 (Allen et al. 2017), which was a highly favorable 
year for SDS.  
Fusarium virguliforme, a soilborne fungus, infects soybean roots shortly after 
germination and causes brown root lesions. In the field, foliar symptoms typically appear much 
later in the growing season, around the R3 growth stage (Fehr et al. 1971), as interveinal 
chlorosis and necrosis that can advance to premature defoliation while leaving petioles attached 
(Roy et al. 1997; Kandel et al. 2015). SDS has a different, much shorter, latent period when 
soybean plants are grown under greenhouse conditions (Njiti et al. 2001). Because of this, foliar 
symptoms occur much sooner in the greenhouse, potentially expediting the screening process.  
Many studies have evaluated cultivars for resistance to SDS using different greenhouse 
conditions (de Farias Neto et al. 2008; Hartman et al. 1997; Hashmi et al. 2005; Mueller et al. 
2002; Mueller et al. 2011; Njiti et al. 2001; Stephens et al. 1993). Zaworski (2014) evaluated 
fluopyram and its effect on root rot due to SDS. Fluopyram reduced root rot in only one of the 
three experimental runs. Two of the more commonly used greenhouse studies to evaluate 
different cultivars are the soil-incorporated technique and the layer technique. In the soil-
incorporated technique, the inoculum is mixed homogenously into the soil allowing the roots to 
grow naturally in infested soil. The layer technique forces the plants to grow through a layer of 
inoculum to better ensure the root comes in contact with inoculum (Hashmi et al. 2005). The 
objective of this study was to compare two greenhouse techniques in their ability to quickly and 
accurately screen different seed treatments against SDS. 
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Materials and Methods 
 Two different experiments were conducted in the Iowa State University greenhouses. For 
each experiment, three soybean cultivars representing three levels of resistance to SDS 
(susceptible, moderately resistant and resistant) were treated with three different seed treatments 
using a factorial design. The three seed treatments were: (1) base seed treatment (control), 
consisting of prothioconazole + penflufen + metalaxyl (EverGol Energy, 0.019 mg a.i/seed) + 
metalaxyl (Allegiance 0.02, mg a.i/seed) + clothianidin + Bacillus firmus I-1582 
(Poncho/VOTiVO, 0.13 mg a.i/seed), (2) base treatment + fluopyram (ILeVO) standard rate 
(0.15 mg a.i/seed), and (3) base treatment + fluopyram (ILeVO) half rate (0.075 mg a.i./seed). 
Soybean cultivars were selected based on their susceptibility levels and were grouped as 
susceptible, moderately resistant and resistant. 
Inoculum preparation. Fusarium virguliforme isolate NE 305 was used as the inoculum 
source for the soil-incorporated inoculum study, although different batches were used for each 
experiment. Isolate NE 305 was also used in the first repetition of the layer technique study 
while isolate Fsg- ISU 1 was used for the second repetition. Both isolates were grown in the dark 
on 1/3 strength potato dextrose agar (PDA) plates for 3-4 weeks at room temperature. White 
sorghum seed was soaked overnight in plastic containers. Excess water was drained and 
autoclaveable patented spawn incubation plastic bags with microporus filter patch were filled 
with 1 kg of wet sorghum. Bags were taped closed and autoclaved for one hour at 121°C at 10.5 
kg per m3. The bags were allowed 24 hours to cool before being autoclaved again for one hour. 
Bags were allowed to cool at room temperature overnight. Under sterile conditions, plates with 
isolate NE 305 were sectioned into squares using a sterile spatula. One half of one agar plate of 
the isolate was added to each 1 kg bag of white sorghum and mixed well. Each bag was sealed, 
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incubated at room temperature and shaken every 7-10 days to improve inoculum distribution and 
growth rates for three weeks. Bags were individually checked for contamination and discarded if 
contaminated. After three weeks of growth in the plastic bags, the bags were opened and the 
sorghum was spread on a brown parchment paper on greenhouse benches that were cleaned with 
ethanol and allowed to dry for 2 to 3 days and then stored in a cold room (4°C) until needed. 
Inoculum viability was tested and confirmed by planting infested sorghum grain on PDA.  
The mock inoculum, which was only used in the layer technique experiment, was white 
sorghum that was autoclaved twice for one hour at 121°C on two consecutive days with no F. 
virguliforme added. The non-infested sorghum was dried on brown parchment paper on 
greenhouse benches.  
 Experiment 1: soil-incorporated technique. The soil-incorporated technique 
experiment was set up in an RCBD design with six replications. Each experiment had a total of 
18 factorial treatments, consisting of all combinations of three seed treatments, three cultivars 
and two inoculation types (infested sorghum or no inoculum). The experiment was completed 
two times.  
The soil mixture ratio was 2 sand: 1 soil (v/v). Infested sorghum was added at a 1:30 ratio 
(1 part sorghum to 30 parts soil) and the sorghum was mixed homogenously into the soil 
(Luckew et al. 2012). This mixture was then added to half of the pots (12.7 cm x 12.7 cm x 15.2 
cm tall) one inch below the top, while the other half of the pots were filled with only the 2:1 sand 
soil mixture. Five seeds were planted per pot and, seven days after planting, seedlings were 
removed to have a final stand of three plants per pot. Pots were watered every day to ensure 
adequate moisture. Greenhouse lights were placed on a 16-hour photoperiod and greenhouse 
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temps were maintained between 23 to 25°C but fluctuations due to external temps occurred. 
Foliar disease severity and root rot were evaluated 30 days after planting as previously stated. 
Experiment 2: layer technique. The layer technique experiment was set up in an RCB 
design with six replications. The experiment had a total of 27 factorial treatments, consisting of 
all combinations of three seed treatments, three cultivars and three inoculum types. The three 
inoculum types were infested sorghum, mock sorghum, and no inoculum. The experiment was 
completed twice. 
Treatments within each replication were randomly laid out in a 29-quart plastic container 
(Reynolds Consumer Products, Inc., Lake Forrest, IL). The 29-qt container was filled with sand 
and placed in a water bath which was kept between 17 to 19°C, which is ideal for the root rot 
phase of SDS (Leandro et al. 2013). One seed per treatment was planted in each 150 mL cone-
tainers. Cone-tainers were filled with 100 mL 2:1 sand-soil mix, 5 mL inoculum was next, 
followed by 25 ml sand-soil mix. The seed was placed on top of the sand-soil mix and then 
covered with another 25 mL of sand-soil mix. The 25 mL between the seed and the inoculum 
source was 2.5 cm and allowed the seed to germinate but forced it to grow through the inoculum. 
No artificial lighting was used. Root rot and foliar disease severity were evaluated 30 days after 
planting as previously described.  
Data collection 
Disease severity (DS). Foliar disease symptoms were recorded 30 days after planting. DS 
was based on a 1 to 7 rating scale previously established where 1 = leaves showing slight 
yellowing and/or chlorotic flecks or blotches, 2 = leaves with obvious, interveinal chlorosis, 3 = 
leaves with necrosis along a portion (>2 cm) of its margin, 4 = necrosis along the entire margin 
of a leaf, one or more leaves usually cupped and/or irregular, 5 = most (>50%) of leaf area is 
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necrotic and/or leaf loss; plants stunted; defoliation may occur with little or no chlorosis or 
necrosis, 6 = most of the leaf area is necrotic; includes entirely defoliated plants with new growth 
and 7 = entirely defoliated plants (Chawla et al. 2013, Harren 2013). Ratings were converted to 
percent disease severity using the formula DS/7 × 100 and then analyzed (Campbell and Madden 
1990). 
Root rot. Roots were gently washed to remove excess soil. Root rot severity was visually 
estimated as the percentage of area of the root covered by root lesions (0-100% scale) for 
individual roots and averaged for each pot.  
Dry root biomass. Roots were dried in a 40°C oven for 2 to 3 days and then weighed 
using a digital scale (Sartorius Intec, Elk Grove, IL) and recorded by sample. 
 Data analysis. Analysis of variance was performed using Proc GLIMMIX (version 9.4; 
SAS Institute Inc. Cary, NC) for DS, root rot severity, and dry root weight. Soybean cultivar, 
seed treatment, inoculation type, run, and their interactions were treated as fixed factors while 
replication within run was considered random factors. Mean separation was performed using 
Fisher’s protected least significant difference at α = 0.05.  
 
Results 
 A significant cultivar × seed treatment interaction was found for root rot in the soil-
incorporated technique and for foliar disease severity in the layer technique study (Table 1). A 
significant repetition × seed treatment interaction was found for foliar symptoms in the layer 
technique. However, due to low overall disease severity (<10%) repetitions were pooled. No 
foliar symptoms and very little root rot (<5%) developed on the non-inoculated plants in both 
experiments so they were excluded (data not shown). 
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Soil-incorporated technique. There were no significant differences in the foliar disease 
severity (DS) between either seed treatments (Figure 1) or cultivars (Figure 2).   
 There was a significant difference (P = 0.020) in root rot percentage between seed 
treatments (Figure 3). There was significantly greater root rot on the base seed treatment than 
there was on either the standard or the half rate of fluopyram. The standard rate of fluopyram 
reduced root rot by 21.5% compared to the base, while the half rate of fluopyram reduced root 
rot by 25.9%. There were no significant differences in root rot percentage between cultivars 
(Figure 4). 
There were no significant differences in dry root weight due to seed treatment (Figure 5). 
There was a significant difference (P = 0.012) between the dry root weights between cultivars 
(Figure 6). The resistant cultivar had significantly heavier roots than the moderately resistant 
cultivar roots. Root weight for the susceptible cultivar was not significantly different than either 
resistant cultivar.  
 Layer technique. There were no significant differences in foliar disease severity due to 
seed treatments (Figure 7). However, there were significant differences (P = 0.036) in foliar 
disease severity due to cultivar (Figure 8). The moderately resistant cultivar had significantly 
more foliar disease than the resistant cultivar. Mean disease severity was low (<10%) across all 
treatments in the layer technique experiment.  
 There were significant differences (P = 0.015) in root rot due to seed treatment (Figure 
9). The base seed treatment had significantly more root rot than either rate of fluopyram. The 
standard rate of fluopyram reduced root rot by 21.1% compared to the base seed treatment, while 
the half rate of fluopyram reduced root rot by 19.0% compared to base seed treatment. The 
amount of root rot in the layer technique was approximately twice as much as the root rot in the 
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soil-incorporated technique. There was no significant difference in root rot between cultivars 
(Figure 10). 
 There were no significant differences in in dry root weight due to seed treatments (Figure 
11). However, there were significant differences (P < 0.005) in dry root weight between cultivars 
(Figure 12), with the resistant cultivar roots weighing significantly more than both the 
susceptible and moderately resistant cultivars. 
 
Discussion 
Both the soil-incorporated and the layer techniques effectively differentiated root rot 
severity between seed treatments. The standard rate of fluopyram reduced root rot for an average 
of 21.3% compared to the base seed treatment across both studies, while the half rate of 
fluopyram reduced root rot by an average of 22.4% across both studies.  
Neither technique was effective at differentiating between foliar severities among the 
treatments. One of the challenges may be the ideal temperature for root rot (~15°C) is different 
than the ideal temperatures for foliar symptom development (22°C to 24°C) (Scherm and Yang 
1996). This was apparent in our layer technique experiment, where we set the water baths at 
~17°C, which is close to the optimum for the root rot phase of SDS (Scherm and Yang 1996). 
Interestingly, although both techniques had very low levels of foliar symptoms, the layer 
technique had nearly twice the amount of root rot as the soil-incorporated technique. This is 
more likely due to cooler soil temperature in the layer technique and also due, in part, to a higher 
amount of inoculum came in contact with the growing root. 
There were no significant differences in root rot percentage between cultivars. The 
cultivars used in this study were chosen from the different severity rankings for foliar symptoms, 
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however, no information was available about their reaction to the root rot phase. Previous studies 
have reported that the resistance to root rot and foliar phase of SDS are governed by different 
genes/QTLS (Njiti et al. 1998). This may indicate those cultivars were not selected for resistance 
to root rot or did not have genes governing resistance to the root rot phase. This may also be in 
part due to higher concentration of inoculum used in the greenhouse experiments than the field 
which may have caused more root rot in all the cultivars.       
 In the layer technique, although the foliar severity was not very high, the moderately 
resistant cultivar had significantly greater foliar disease than the resistant cultivar and similar 
disease to susceptible cultivar. Consistent to this result, a previous study also reported similar 
level of foliar disease in moderately resistant and moderately susceptible cultivars in some field 
experiments (Kandel et al. 2016). This indicates the inoculum concentration and other soil and 
environment factors may also affect cultivar response to disease development.  
Because neither of these techniques effectively differentiated foliar severities among the 
seed treatment and cultivars, more inoculation techniques might need to be tested in the 
greenhouse and growth chambers in future experiments. For instance, soil drenching with spore 
suspension of Fusarium virguliforme (Njiti et al. 2001) and aeroponics (Mueller et al. 2002) 
were found effective in previous greenhouse studies. 
Literature Cited 
Allen, T. W., Bradley, C. A., Sisson, A. J., Byamukama, E., Chilvers, M. I., Coker, C. M., 
Collins, A. A., Damicone, J. P., Dorrance, A. E., Dufault, N. S., Esker, P. D., Faske, T. 
R., Giesler, L. J., Grybauskas, A. P., Hershman, D. E., Hollier, C. A., Isakeit, T., Jardine, 
D. J., Kemerait, R. C., Kleczewski, N. M., Koenning, S. R., Kurle, J. E., Malvick, D. K., 
Markell, S. G., Mehl, H. L., Mueller, D. S., Mueller, J. D., Mulrooney, R. P., Nelson, B. 
 62  
D., Newman, M. A., Osborne, L., Overstreet, C., Padgett, G. B., Phipps, P. M., Price, P. 
P., Sikora, E. J., Smith, D. L., Spurlock, T. N., Tande, C. A., Tenuta, A. U., Wise, K. A., 
Wrather, J. A., and Young-Kelly, H. 2017. Soybean yield loss estimates due to diseases 
in the United States and Ontario, Canada from 2010 to 2014. Plant Health Prog. 18:19-
27. 
Anderson, T. R., and Tenuta, A. U. 1998. First report of Fusarium solani f. sp. glycines causing 
sudden death syndrome of soybean in Canada. Plant Dis. 82:448-448. 
Aoki, T., O'Donnell, K., Homma, Y., and Lattanzi, A. R. 2003. Sudden-death syndrome of 
soybean is caused by two morphologically and phylogenetically distinct species within 
the Fusarium solani species complex— F. virguliforme in North America and F. 
tucumaniae in South America. Mycologia 95:660-684. 
Campbell, C. L., and Madden, L. V. 1990. Introduction to Plant Disease Epidemiology. John 
Wiley & Sons, Inc., New York. 
Chawla, S., Bowen, C. R., Slaminko, T. L., Hobbs, H. A., and Hartman, G. L. 2013. A public 
program to evaluate commercial soybean cultivars for pathogen and pest resistance. Plant 
Dis. 97:568-578. 
de Farias Neto, A. L., Schmidt, M., Hartman, G. L., Li, S., and Diers, B. W. 2008. Inoculation 
methods under greenhouse conditions for evaluating soybean resistance to sudden death 
syndrome. Pesq. Agropec. Bras. 43:1475–1482. 
Fehr, W. R., Caviness, C. E., Burmood, D. T., and Pennington, J. S. 1971. Stage of development 
descriptions for soybeans, Glycine max (L.) Merrill. Crop Sci. 11:929-931. 
Harren, J. A. E. 2013. Identification of QTL(s) associated with resistance to sudden death 
syndrome (SDS) in soybeans. M.S. Thesis, University of Minnesota., Minneapolis, MN. 
 63  
Hartman, G. L., Huang, Y. H., Nelson, R. L., and Noel, G. R. 1997. Germplasm evaluation 
of Glycine max for resistance to Fusarium solani, the causal organism of sudden death 
syndrome. Plant Dis. 81:515-518. 
Hartman, G. L., Chang, H. X., and Leandro, L. F. 2015. Research advances and management of 
soybean sudden death syndrome. Crop Prot. 73:60-66. 
Hashmi, R. Y., Bond, J. P., Schmidt, M. E., and Klein, J. H. 2005. A temperature-controlled 
water bath method for evaluating soybean reaction to sudden death syndrome (SDS). 
Online. Plant Health Prog. doi:10.1094/PHP-2005-0906-01-RS. 
Kandel, Y. R., Bradley, C. A., Wise, K. A., Chilvers, M. I., Tenuta, A. U., Davis, V. M., Esker, 
P. D., Smith, D. L., Licht, M. A., and Mueller, D. S. 2015. Effect of glyphosate 
application on sudden death syndrome of glyphosate-resistant soybean under field 
conditions. Plant Dis. 99:347-354.  
Kandel, Y. R., Wise, K. A., Bradley, C. A., Chilvers, M. I., Tenuta, A. U., and Mueller, D. S. 
2016.  Fungicide and cultivar effects on sudden death syndrome and yield of soybean. 
Plant Dis. 100:1339-1350.  
Koenning, S. R., and Wrather, J. A. 2010. Suppression of soybean yield potential in the 
continental United States by plant diseases from 2006 to 2009. Plant Health Prog. 
November 2010. 
Leandro, L. F. S., Robertson, A. E., Mueller, D. S., and Yang, X. B. 2013. Climatic and 
environmental trends observed during epidemic and non-epidemic years of soybean 
sudden death syndrome in Iowa. Online. Plant Health Prog. doi:10.1094/PHP-2013-0529-
01-RS 
 64  
Luckew, A. S., Cianzio, S. R., and Leandro, L. F. 2012. Screening method for distinguishing 
soybean resistance to Fusarium virguliforme in resistant x resistant crosses. Crop Sci. 
52:2215-2223. 
Mueller, D. S., Li, S., Hartman, G. L., and Pedersen, W. L. 2002. Use of aeroponic chambers and 
grafting to study partial resistance to Fusarium solani f. sp. glycines in soybean. Plant 
Dis. 86:1223-1226. 
Mueller, T., Knake, R., Riggs, J., 2011. Control of Fusarium virguliforme (sudden death 
syndrome) with a seed treatment. Phytopathology 101, S124. 
Njiti, V. N., Doubler, T. W., Suttner, R. J., Gray, L. E., Gibson, P. T., and Lightfoot, D. A. 1998. 
Resistance to soybean sudden death syndrome and root colonization by Fusarium solani 
f. sp. glycine in near-isogenic lines. Crop Sci. 38:472-477.  
Njiti, V. N., Johnson, J. E., Torto, T. A., Gray, L E., and Lightfoot, D. A. 2001. Inoculum rate 
influences selection for field resistance to soybean sudden death syndrome in the 
greenhouse. Crop Sci. 41:1726-1731. 
Roy, K. W., Hershman, D. E., Rupe, J. C., and Abney, T. S. 1997. Sudden death syndrome of 
soybean. Plant Dis. 81:1100-1111. 
Scherm, H., and Yang, X. B. 1996. Development of sudden death syndrome of soybean in 
relation to soil temperature and soil water matric potential. Phytopathology 86:642-649.  
Stephens, P. A., Nickell, C. D., and Lim, S. M. 1993. Sudden death syndrome development in 
soybean cultivars differing in resistance to Fusarium solani. Crop Sci. 33:63-66. 
Wrather, A., and Koenning, S. R. 2009. Effects of diseases on soybean yields in the United 
States 1996 to 2007. Plant Health Prog. doi: 10.1094/php-2009-040101-rs. 
 65  
Wrather, A., Shannon, G., Balardin, R., Carregal, L., Escobar, R., Gupta, G. K., Ma, Z., Morel, 
W., Ploper, W., and Tenuta, A. 2010. Effects of diseases on soybean yield in the top eight 
producing countries in 2006. Plant Health Prog. doi: 10.1094/php-20100125-01-rs. 
Zaworski, E. R. 2014. Effects of ILeVO on soybean sudden death syndrome and soybean cyst 
nematode. M.S. Thesis, Iowa State Univ., Ames, IA.  
  
 66  
Table 
 
Table 1. Analysis of variance (ANOVA) summary table across both runs of each technique  
Soil incorporated Technique 
Layer 
Technique 
Effect PR > F PR > F 
Disease severity 
repetition                   <0.001 0.035 
cultivar    0.277 0.036 
repetition*cultivar    0.461 0.258 
seed treatment    0.134 0.202 
repetition*seed treatment    0.578 0.038 
cultivar*seed treatment    0.583 0.038 
repetition*cultivar*seed treatment    0.371 0.126 
Root rot severity 
repetition                   <0.001 0.522 
cultivar    0.095 0.220 
repetition*cultivar    0.548 0.531 
seed treatment    0.020 0.015 
repetition*seed treatment    0.352 0.143 
cultivar*seed treatment    0.035 0.891 
repetition*cultivar*seed treatment    0.335 0.161 
Dry root weight 
repetition    0.002 0.015 
cultivar    0.012 0.001 
repetition*cultivar    0.395 0.219 
seed treatment    0.122 0.510 
repetition*seed treatment    0.967 0.106 
cultivar*seed treatment    0.247 0.819 
repetition*cultivar*seed treatment    0.170 0.741 
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Figures 
 
 
 
 
Figure 1. Effect of seed treatment on foliar disease severity (DS) caused by Fusarium 
virguliforme, causal organism of sudden death syndrome of soybean, using a soil incorporated 
inoculum technique in the greenhouse. DS was scored using a 1-8 scale, where 1=no disease and 
8=premature death, and is based on percentage of necrotic leaf area and percentage of 
defoliation. Seed treatments included: Base = prothioconazole + penflufen + metalaxyl (EverGol 
Energy, 0.019 mg a.i/seed) + metalaxyl (Allegiance, 0.02 mg a.i/seed) + clothianidin + Bacillus 
firmus I-1582 (Poncho/VOTiVO, 0.13 mg a.i/seed), base + standard rate of fluopyram = (ILeVO, 
0.15 mg a.i/seed), and base + half rate of fluopyram = (ILeVO, 0.075 mg a.i/seed). All values 
averaged across three cultivars. No statistical differences observed between seed treatments. 
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Figure 2. Effect of cultivar on foliar disease severity (DS) caused by Fusarium virguliforme, 
causal organism of sudden death syndrome of soybean using a soil incorporated inoculum 
technique in the greenhouse. DS was scored using a 1-8 scale, where 1=no disease and 
8=premature death, and is based on percentage of necrotic leaf area and percentage of 
defoliation. All values averaged across three seed treatments. No statistical differences observed 
between cultivars. 
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Figure 3. Effects of seed treatment on root rot severityy (%) caused by Fusarium virguliforme, 
causal organism of sudden death syndrome of soybean using a soil incorporated inoculum 
technique in the greenhouse. Root rot severity is characterized by a 0 to 100% scale visually 
rated by the area covered in lesions compared to the entire root area. Seed treatments included: 
Base = prothioconazole + penflufen + metalaxyl (EverGol Energy, 0.019 mg a.i/seed) + 
metalaxyl (Allegiance, 0.02 mg a.i/seed) + clothianidin + Bacillus firmus I-1582 
(Poncho/VOTiVO, 0.13 mg a.i/seed), base + standard rate of fluopyram = (ILeVO, 0.15 mg 
a.i/seed), and base + half rate of fluopyram = (ILeVO, 0.075 mg a.i/seed). All values averaged 
across three cultivars. Means with the same letter are not significantly different (P<0.05). 
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Figure 4. Effect of cultivar on root rot severity (%)caused by Fusarium virguliforme, causal 
organism of sudden death syndrome of soybean using a soil incorporated inoculum technique in 
the greenhouse. Root rot severity is characterized by a 0 to 100% scale visually rated by the area 
covered in lesions compared to the entire root area. All values averaged across three seed 
treatments. No statistical differences observed between cultivars.  
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Figure 5. Effect of seed treatment on dry soybean root weight using a soil incorporated inoculum 
technique in the greenhouse. Seed treatments included: Base = prothioconazole + penflufen + 
metalaxyl (EverGol Energy, 0.019 mg a.i/seed) + metalaxyl (Allegiance, 0.02 mg a.i/seed) + 
clothianidin + Bacillus firmus I-1582 (Poncho/VOTiVO, 0.13 mg a.i/seed), base + standard rate 
of fluopyram = (ILeVO, 0.15 mg a.i/seed), and base + half rate of fluopyram = (ILeVO, 0.075 
mg a.i/seed). All values averaged across three cultivars. No statistical differences observed 
between seed treatments. 
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Figure 6. Effect of cultivar on dry soybean root weight using a soil incorporated inoculum 
technique in the greenhouse. All values averaged across three seed treatments. Means with the 
same letter are not significantly different (P<0.05). 
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Figure 7. Effect of seed treatment on foliar disease severity (DS) caused by Fusarium 
virguliforme, causal organism of sudden death syndrome of soybean, using a layer technique in 
the greenhouse. DS was scored using a 1-8 scale, where 1=no disease and 8=premature death, 
and is based on percentage of necrotic leaf area and percentage of defoliation. Seed treatments 
included: Base = prothioconazole + penflufen + metalaxyl (EverGol Energy, 0.019 mg a.i/seed) 
+ metalaxyl (Allegiance, 0.02 mg a.i/seed) + clothianidin + Bacillus firmus I-1582 
(Poncho/VOTiVO, 0.13 mg a.i/seed), base + standard rate of fluopyram = (ILeVO, 0.15 mg 
a.i/seed), and base + half rate of fluopyram = (ILeVO, 0.075 mg a.i/seed). All values averaged 
across three cultivars. No statistical differences observed between seed treatments. 
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Figure 8. Effect of cultivar on foliar disease severity (DS) caused by Fusarium virguliforme, 
causal organism of sudden death syndrome of soybean using a layer technique in the greenhouse. 
DS was scored using a 1-8 scale, where 1=no disease and 8=premature death, and is based on 
percentage of necrotic leaf area and percentage of defoliation. All values averaged across three 
seed treatments. Means with the same letter are not significantly different (P<0.05). 
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Figure 9. Effects of seed treatment on root rot severityy (%) caused by Fusarium virguliforme, 
causal organism of sudden death syndrome of soybean using a layer technique in the greenhouse. 
Root rot severity is characterized by a 0 to 100% scale visually rated by the area covered in 
lesions compared to the entire root area. Seed treatments included: Base = prothioconazole + 
penflufen + metalaxyl (EverGol Energy, 0.019 mg a.i/seed) + metalaxyl (Allegiance, 0.02 mg 
a.i/seed) + clothianidin + Bacillus firmus I-1582 (Poncho/VOTiVO, 0.13 mg a.i/seed), base + 
standard rate of fluopyram = (ILeVO, 0.15 mg a.i/seed), and base + half rate of fluopyram = 
(ILeVO, 0.075 mg a.i/seed). All values averaged across three cultivars. Means with the same 
letter are not significantly different (P<0.05).  
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Figure 10. Effect of cultivar on root rot severity (%) caused by Fusarium virguliforme, causal 
organism of sudden death syndrome of soybean using a layer technique in the greenhouse. Root 
rot severity is characterized by a 0 to 100% scale visually rated by the area covered in lesions 
compared to the entire root area. All values averaged across three seed treatments. No statistical 
differences observed between cultivars.  
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Figure 11. Effect of seed treatment on dry soybean root weight using a layer technique in the 
greenhouse. Seed treatments included: Base = prothioconazole + penflufen + metalaxyl (EverGol 
Energy, 0.019 mg a.i/seed) + metalaxyl (Allegiance, 0.02 mg a.i/seed) + clothianidin + Bacillus 
firmus I-1582 (Poncho/VOTiVO, 0.13 mg a.i/seed), base + standard rate of fluopyram = (ILeVO, 
0.15 mg a.i/seed), and base + half rate of fluopyram = (ILeVO, 0.075 mg a.i/seed). All values 
averaged across three cultivars. No statistical differences observed between seed treatments. 
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Figure 12. Effect of cultivar on dry soybean root weight using a layer technique in the 
greenhouse. All values averaged across three seed treatments. Means with the same letter are not 
significantly different (P<0.05). 
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CHAPTER 4. GENERAL CONCLUSIONS 
Our research focused on both phases of sudden death syndrome (SDS) – the root 
rot phase and the foliar phase. Across the 10 locations in Iowa, Minnesota and Ontario, 
Canada, we found that SDS accounted for an average yield loss of 15.3%. Yield was still 
lost due to the root rot phase of SDS at locations that had very little (<0.05) or no FDX. 
This highlights the importance of protecting soybeans from both phases of SDS. While 
the foliar phase of SDS has garnered much of the attention from breeders and researchers, 
based on the findings of this study, one can better understand the importance of the root 
rot phase of SDS.  
The effect of seed treatments and cultivar resistance in both the root rot phase and 
the foliar phase of SDS was investigated in the field at 10 locations across two years. 
Based on the conditions of this study, our findings suggest that at locations with known 
SDS history in years with favorable weather for the F. virguliforme pathogen, use of 
fluopyram as a seed treatment, along with resistant cultivars protect soybean yields. 
Fluopyram treated seed along with proper resistant cultivars will out yield susceptible 
cultivars without fluopyram. The correlation coefficients found significant correlation 
between root rot and FDX at 8 of the 9 locations where both occurred which conflicts 
with other studies, emphasizing the discrepancies in root collection timings.  
We compared two techniques in the greenhouse to identify a technique that could 
quickly and accurately identify effective seed treatments in the greenhouse. We used both 
the soil-incorporated technique and a layer technique. Both techniques effectively 
differentiated root rot severity between seed treatments. The standard rate of fluopyram 
reduced root rot for an average of 21.3% compared to the base seed treatment across both 
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studies, while the half rate of fluopyram reduced root rot by an average of 22.4% across 
both studies. However, neither technique was effective at differentiating between foliar 
severities among treatments.  
The research presented in this study will be useful to researchers and breeders to 
better understand the effect of both phases of SDS, but especially the importance of the 
root rot phase of SDS. 
 
Future Research 
Researchers and breeders should consider both phases of SDS when studying the 
management of SDS. When evaluating management practices for SDS, the root rot 
severity around the R4-R5 growth stages should also be assessed to better understand 
how that particular practice affects root rot in addition to foliar symptoms. Additional 
locations, especially ones with differing, but known, intensities of Fusarium virguliforme 
inoculum should also be included in future work to better understand the impact of 
fluopyram seed treatment and cultivars on both phases of SDS and their subsequent effect 
on yield loss.  
In the greenhouse, we want to continue to find a technique that can better discern 
differences in root rot severity between seed treatments, but also show differences in 
foliar symptoms. Future studies will test different inoculation techniques (e.g., 
inoculating plants in aeroponics chambers or using F. virguliforme spore suspensions to 
inoculate). We also want to test all techniques under different temperatures to see if this 
played a role in symptom development.   
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APPENDIX A. OTHER LOCATIONS MAIN EFFECTS TABLES 
Table A1. Main effects of seed treatment and cultivar resistance on root rot, foliar disease index, plant 
population, root weight, Fusarium virguliforme concentration and yields in Columbus, NE in 2015. 
Variablesy 
root rot 
(%) FDX 
plant 
population 
(plants/ha) 
 root 
weight (g) 
Fv 
concentration 
yield 
(kg/ha) 
Seed Treatmentz 
Base 27.7 a 0 324,173 75.9 1.2 2836.8 
Base + fluopyram (0.15 mg a.i./seed) 20.5 b 0 324,890 75.7 0.6 2707.9 
Base + fluopyram (0.075 mg a.i./seed) … … 324,531 … … 2758.9 
P > F (seed treatment) 0.004 1 0.995 0.977 0.343 0.838 
Cultivar Resistance 
Susceptible 25.5 0 325,070 82.4 a 0.2 2746.0 ab 
Moderately Resistant 24.9 0 324,711 85.4 a 1.2 3104.1 a 
Resistant 21.9 0 323,814 59.6 b 1.3 2453.5 b 
P > F cultivar resistance) 0.355   1 0.983 0.031   0.398 0.022   
y Root rot severity is characterized by a 0 to 100% scale visually rated by the area covered in lesions compared to the 
entire root area. FDX was calculated using the formula FDX = disease incidence x disease severity/9; disease 
incidence was estimated as a percentage of symptomatic plants per plot, and disease severity was scored on a 0 to 9 
scale (0=no disease and 9 = premature death) based on percentage of necrotic leaf area and percentage of defoliation. 
In 2015 pg F. virguliforme DNA was calculated per 50 ng total DNA, and in 2016 it was calculated per 1 g ground 
soybean powder. 
z Seed treatments: Base = prothioconazole + penflufen + metalaxyl (EverGol Energy 0.019 mg a.i/seed) + metalaxyl 
(Allegiance 0.02 mg a.i/seed) + clothianidin + Bacillus firmus I-1582 (Poncho/VOTiVO 0.13 mg a.i/seed), Base + 
fluopyram (ILeVO 0.15 mg a.i/seed), and Base + fluopyram (ILeVO 0.075 mg a.i/seed). Cultivar resistance ratings 
provided by industry. 
Means with the same letter are not significantly different at alpha level 0.05. 
"… ” denotes the treatment was not included in that location. 
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Table A2. Main effects of seed treatment and cultivar resistance on root rot, foliar disease index, plant population, 
root weight, Fusarium virguliforme concentration and yields in Indiana in 2015. 
Variablesy 
root rot 
(%) FDX 
plant 
population 
(plants/ha) 
 root 
weight (g) 
Fv 
concentration 
yield 
(kg/ha) 
Seed Treatmentz 
Base 8.0 a 15.9 a 328,478 47.4 120.3 a 4167.8 
Base + fluopyram (0.15 mg a.i./seed) 4.9 b 5.4 b 321,723 51.1 62.3 b 4279.9 
Base + fluopyram (0.075 mg a.i./seed) … … … … … … 
P > F (seed treatment) 0.005 <0.001 0.414 0.245 0.038 0.290 
Cultivar Resistance 
Susceptible 5.5 14.5 a 332,159 42.0 b 114.9 4402.4 a 
Moderately Resistant 7.7 11.3 a 310,807 49.8 ab 77.6 4003.9 b 
Resistant 6.1 6.2 b 332,335 55.8 a 81.3 4265.3 a 
P > F cultivar resistance) 0.185   0.008   0.068 0.011   0.455   0.020   
y Root rot severity is characterized by a 0 to 100% scale visually rated by the area covered in lesions compared to the 
entire root area. FDX was calculated using the formula FDX = disease incidence x disease severity/9; disease 
incidence was estimated as a percentage of symptomatic plants per plot, and disease severity was scored on a 0 to 9 
scale (0=no disease and 9 = premature death) based on percentage of necrotic leaf area and percentage of defoliation. 
In 2015 pg F. virguliforme DNA was calculated per 50 ng total DNA, and in 2016 it was calculated per 1 g ground 
soybean powder. 
z Seed treatments: Base = prothioconazole + penflufen + metalaxyl (EverGol Energy 0.019 mg a.i/seed) + metalaxyl 
(Allegiance 0.02 mg a.i/seed) + clothianidin + Bacillus firmus I-1582 (Poncho/VOTiVO 0.13 mg a.i/seed), Base + 
fluopyram (ILeVO 0.15 mg a.i/seed), and Base + fluopyram (ILeVO 0.075 mg a.i/seed). Cultivar resistance ratings 
provided by industry. 
Means with the same letter are not significantly different at alpha level 0.05. 
"… ” denotes the treatment was not included in that location. 
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Table A3. Main effects of seed treatment and cultivar resistance on root rot, foliar disease index, plant population, root 
weight, Fusarium virguliforme concentration and yields in Columbus, NE in 2016. 
Variablesy 
root rot 
(%) FDX 
plant 
population 
(plants/ha) 
 root 
weight (g) 
Fv 
concentration 
yield 
(kg/ha) 
Seed Treatmentz 
Base 7.1 5.2 291,881 109.2 … 4256.9 
Base + fluopyram (0.15 mg a.i./seed) 6.3 1.9 282,373 118.0 … 4470.4 
Base + fluopyram (0.075 mg a.i./seed) … 2.8 278,606 … … 4560.1 
P > F (seed treatment) 0.493 0.086 0.351 0.286 0.192 
Cultivar Resistance 
Susceptible 6.4 2.5 b 287,934 126.1 a … 4457.0 ab 
Moderately Resistant 6.9 5.9 a 284,167 98.2 b … 4166.7 b 
Resistant 6.6 1.4 b 280,759 116.5 ab … 4663.8 a 
P > F cultivar resistance) 0.946 0.012   0.743 0.035     0.021   
y Root rot severity is characterized by a 0 to 100% scale visually rated by the area covered in lesions compared to the 
entire root area. FDX was calculated using the formula FDX = disease incidence x disease severity/9; disease 
incidence was estimated as a percentage of symptomatic plants per plot, and disease severity was scored on a 0 to 9 
scale (0=no disease and 9 = premature death) based on percentage of necrotic leaf area and percentage of defoliation. 
In 2015 pg F. virguliforme DNA was calculated per 50 ng total DNA, and in 2016 it was calculated per 1 g ground 
soybean powder. 
z Seed treatments: Base = prothioconazole + penflufen + metalaxyl (EverGol Energy 0.019 mg a.i/seed) + metalaxyl 
(Allegiance 0.02 mg a.i/seed) + clothianidin + Bacillus firmus I-1582 (Poncho/VOTiVO 0.13 mg a.i/seed), Base + 
fluopyram (ILeVO 0.15 mg a.i/seed), and Base + fluopyram (ILeVO 0.075 mg a.i/seed). Cultivar resistance ratings 
provided by industry. 
Means with the same letter are not significantly different at alpha level 0.05. 
"… ” denotes the treatment was not included in that location. 
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Table A4. Main effects of seed treatment and cultivar resistance on root rot, foliar disease index, plant population, root 
weight, Fusarium virguliforme concentration and yields in Indiana in 2016. 
Variablesy 
root rot 
(%) FDX 
plant 
population 
(plants/ha) 
root 
weight (g) 
Fv 
concentration 
yield 
(kg/ha) 
Seed Treatmentz 
Base 1.8 14.7 b 354,342 20.1 0.0 4010.9 b 
Base + fluopyram (0.15 mg a.i./seed) 1.3 19.0 ab 355,849 20.8 0.0 4373.5 a 
Base + fluopyram (0.075 mg a.i./seed) 1.4 29.8 a 354,420 20.4 0.0 4392.0 a 
P > F (seed treatment) 0.256 0.045 0.663 0.910 0.506 0.029 
Cultivar Resistance 
Susceptible 1.7 27.4 354,604 18.5 0.0 4321.4 b 
Moderately Resistant 1.4 18.8 354,677 21.2 0.0 3635.4 c 
Resistant 1.5 17.3 355,329 21.6 0.0 4819.6 a 
P > F cultivar resistance) 0.764 0.198   0.912 0.105 0.223 <0.001   
y Root rot severity is characterized by a 0 to 100% scale visually rated by the area covered in lesions compared to the 
entire root area. FDX was calculated using the formula FDX = disease incidence x disease severity/9; disease 
incidence was estimated as a percentage of symptomatic plants per plot, and disease severity was scored on a 0 to 9 
scale (0=no disease and 9 = premature death) based on percentage of necrotic leaf area and percentage of defoliation. 
In 2015 pg F. virguliforme DNA was calculated per 50 ng total DNA, and in 2016 it was calculated per 1 g ground 
soybean powder. 
z Seed treatments: Base = prothioconazole + penflufen + metalaxyl (EverGol Energy 0.019 mg a.i/seed) + metalaxyl 
(Allegiance 0.02 mg a.i/seed) + clothianidin + Bacillus firmus I-1582 (Poncho/VOTiVO 0.13 mg a.i/seed), Base + 
fluopyram (ILeVO 0.15 mg a.i/seed), and Base + fluopyram (ILeVO 0.075 mg a.i/seed). Cultivar resistance ratings 
provided by industry. 
Means with the same letter are not significantly different at alpha level 0.05. 
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Table A5. Main effects of seed treatment and cultivar resistance on root rot, foliar disease index, plant population, root 
weight, Fusarium virguliforme concentration and yields in Michigan in 2016. 
Variablesy 
root rot 
(%) FDX 
plant 
population 
(plants/ha) 
root 
weight (g) 
Fv 
concentration 
yield 
(kg/ha) 
Seed Treatmentz 
Base … 22.2 271,930 … … 4621.2 
Base + fluopyram (0.15 mg a.i./seed) … 21.5 279,733 … … 4625.1 
Base + fluopyram (0.075 mg a.i./seed) … 22.5 283,320 … … 4573.0 
P > F (seed treatment) 0.976 0.429 0.984 
Cultivar Resistance 
Susceptible … 56.2 a 289,778 … … 3600.1 b 
Moderately Resistant … 9.6 b 273,455 … … 4905.3 a 
Resistant … 0.4 b 271,751 … … 5313.9 a 
P > F cultivar resistance)   <0.001   0.098     <0.001   
y Root rot severity is characterized by a 0 to 100% scale visually rated by the area covered in lesions compared to the 
entire root area. FDX was calculated using the formula FDX = disease incidence x disease severity/9; disease 
incidence was estimated as a percentage of symptomatic plants per plot, and disease severity was scored on a 0 to 9 
scale (0=no disease and 9 = premature death) based on percentage of necrotic leaf area and percentage of defoliation. 
In 2015 pg F. virguliforme DNA was calculated per 50 ng total DNA, and in 2016 it was calculated per 1 g ground 
soybean powder. 
z Seed treatments: Base = prothioconazole + penflufen + metalaxyl (EverGol Energy 0.019 mg a.i/seed) + metalaxyl 
(Allegiance 0.02 mg a.i/seed) + clothianidin + Bacillus firmus I-1582 (Poncho/VOTiVO 0.13 mg a.i/seed), Base + 
fluopyram (ILeVO 0.15 mg a.i/seed), and Base + fluopyram (ILeVO 0.075 mg a.i/seed). Cultivar resistance ratings 
provided by industry. 
Means with the same letter are not significantly different at alpha level 0.05. 
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APPENDIX B. ROOT ROT RATING GUIDE 
 
 
Fig. B1. Root rot rating guide showing amount of root rot due to Fusarium virguliforme, 
ranging from 10% to 100% root rot. Percentages displayed above roots.  
